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FOREWORD

Identification and evaluation of potential storage sites for
the Regional Petroleum Reserve were completed and submi~tted to DOE in
May 1980 as Volume I of a 3-volume set. In support of Volume I, con-
cept designs, construction cost estimates, and life cycle costs have
been prepared and comprise Volume II. Volume III contains three related
engineering studies:

(1) Development of conductive and convective heat transfer con-
cepts for No. 6 residual oil

(2) Feasibility of heating residual oil storage facilities with
solar energy

(3) An analysis on lease vs purchase of storage facilities

The related studies appear in this volume as Appendix A, B, and C.
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SUMMARY

The design concept of a heating system for a No. 6 residual

fuel oil storage tank has been investigated. In this stucty, all the

thermodynamic and heat transfer properties representative of No. 6 oil

were collected. Numerical simulation models for both convective and

conductive heat transfer concepts were developed, without consideration

of the phase change, and convective/conductive concepts were tested by

using the appropriate thermodynamic properties of No. 6 oil. In this

preliminary study, we concluded that th. t condition for No. 6 C

withdrawal is to keep the oil in a liquid state. Pure conduction 'I

not be efficient enough to heat up the oil to the desired conditi F-'r

withdrawal. The convective motion (thermal syphone effect) can be ue-

veloped and may lead to the desired conditions for proper withdrawal;

however, more numerical tests that Lake into account the phase change

are needed for further clarification of the convection concept.

A-4
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SECTION 1

INTRODUCTION

Residual Fuel Oil or No. 6 is a petroleum-fuel product usually

collected at the bottom of fractionating columns. Residual oil is used

widely to generate steam for industrial process use, generation of elec-

trical power, and for high temperature furnaces required for kilns,

dryers, etc.

Under the proposed Department of Energy Regional Petroleum

Reserve Program (RPR), 20 million barrels of No. 6 fuel oil are to be

stored in DOE-designated Regions 1, 2, 3, and 4. Of this total at least

10 million barrels will be stored in northeastern states which comprise

DOE Regions 1 and 2. Based on program criteria, four co'mplete withdrawals

and refills are anticipated over a 20-year lifetime with the entire stor-

age system in lay-away or in a dormant state between drawdowns.

The purpose of this study is to investigate the thermodynamic

and heat transfer properties of No. 6 residual oil in the dormant or

lay-away state and provide a design concept fur a heating system to pre-

pare the stored oil product for drawdown. To accomplish this, it was

assumed that No. 6 fuel oil will be stored in uninsulated steel tanks

haviag a capacity of 1.42 million barrels each.

Section 2 of this study analyzes the physical properties of

No. 6 in both the liquid and solid states. Numerical simulation models

in two dimensions are described in detail. Section 3 presents useful re-

lationships for estimating the thermodynamic properties, and Section 4

gives the conclusions and recommendations derived from this investigation.

A-5
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SECTION 2

PHYSICAL PROPERTIES OF NO. 6 OIL

No. 6 fuel is a complex, izihomogenous mixture of hundreds,

perhaps thousands, of compounds in multiple phases (liquid and solid

states). In general, No. 6 fuel oil will consist of colloids, such

as asphalt, solids, and wax crystals, disseminated in a liquid matrix.

When No. 6 fuel oil is cooled, its viscosity increases, through a com-

bination of processes, which exhibit a highly non-linear dependence on

temperature. At 00C (32'F), certain compounds in the No. 6 fuel oil

1 10-remain in a liquid state while the remaining compounds solidify. To a

large extent, heating will liquify the solid compounds to a liquid

state. At 1500C (3020F) a number of the compounds will undergo pyrolysis

from prolonged heating.

No. 6 fuel oll has a pour point temperature of 10%C to 160C

(500 to 610F).1 Between 80 and 13%C (460F-550F) was crystals appear

W1 in the oils, and No. 6 becomes thixotropic. In this state, wax con-

tents in oil become a solid matrix and lighter oils exist as liquid

inside the wax matrix. In this state viscosity increases to the point

that the fluid cannot be moved without mechanical agitation.

Table I shows commercial hydrocarbon fuel types and their

applications. No. 6 fuel oils usually have relative density (R.D.)

greater than 0.90. Because of the peculiarity of the No. 6 oil, its

physical properties are difficult to find. Therefore, data was col-

lected on substances with properties as close as possible to No. 6

oil; then, the data was extrapolated.

A- 6
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TABLE I. COMMERCIAL HYDROCARBON FUEL TYPES AND APPLICATIONS

(ref. 2)

specification* Typical
Fuel type reference R. l). Applications

.. N.G. 0.43 lighting, space heating, hot-
water supply, cooking

liquefied L.P.G. BS 4250 0.52 drying, power production,
gases metallurgical processes,

chemical feedstock, hot-air
ballooning

Avgas .Fng.R.D.2485 0.70/ acio s.i. piston engines
0.72

Mogas IS .1010 0.73 road vehicle s.i. piston
engines, and portable

gasohiies lightweight units, e.g.
tree saws

Avtag D.Eng. R.D. 2486 0.77 Aero gas-turbine engines
(military)

[IS 286) ('1 0.80 free-standing f'ueless
domestic heafers
(arontalics removed I

13S 286') (2 0.80 heaters with Ilues
(aromatics rcmoved)

kerosines 1. V.0. 0.80 agricultural tractors
(aromatics added;
vaporising heat)

Avtur I).tIng.R.I. 2494 0.80 aero gas-turbine engines
(civil)

Avcat I).Fng.R.I).24 9 8 0.82 acro gas-turbine engines
(naval)

)erv 1BS 2869 A l 0.84 high-speed automohile c.i.
piston engires

gas oils BS 2809 A2 0.84 general-purpose c.i. piston
gas ilsellglne~s

Its 2961) I) 0.85 central-heating installations,

S 6drying

IAS 286') I1 0.87 low-speed marine and
power-generaling c.i.
piston cngmnes (ambient

diesel fuels and storage)
heating oils BS 286') B2 0.90 heavier versions of above

(ambient storage)
Ir 2Xi) F 0.90 industrial heating and

drying (heated storage)
BS 286' F 0.95 some heavy c.i.

piston engines
BS 2861) G 0.95 tinder-boiler

fuel oils combustion heated
industrial storage

heating and
drying

RS 2M69' II 0.95 special purposes

BS - British Standard

Fuel specification symbols appeared in some of the following
figures.
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Data collected are (i) density, (ii) specific heat, (iii) viscosity,

(iv) thermal conductivity, (v) vapor pressure, (vi) internal energy,

* (vii) heat of fusion, and (viii) other thermodynamic properties.

2.1 RELATIVE DENSITY

The density of a liquid sample is defined as the mass of the

*sample occupying the unit volume at the stated temperature of 150C

(590F). The density of a liquid sample relative to that of pure

water is derived as follows:

relative density mass of given vol. of sample atT1
at T /T2

1 2 mass of equal vol. of distilled
water atT2

density of sample atT1

density of distilled water atT2

One value of the standard reference temperature T 2is 15.5%C (59.5*F).

At a reference temperature of 4*C (39.20F) the density of water is

unity, hence density and relative density of a sample then becomes .

numerically equal.

A- 8
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The relative density of the petroleum product as a function

of temperature is shown in Figure 1.

0.91,Ga .
0.7 !t !

a}-50 - 25 025

Temperature (*C)

Figure 1. Variations in relative density with temperature
for representative commercial hydrocarbon fuels.
(ref 2)

The American Petroleum Institute (API) defines the density of

petroleum products by API degree. The relationship between relative

denitiLy and API dogrov to ,ivoit by

degree API 141.5 - 131.5
relative density at 60/60°F
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Figure 1 shows that density varies almost linearly over a wide range

of temperatures. Below 15*C (590 F), No. 6 fuel oil becomes thixotropic

and cannot be poured freely without mechanical agitation.

2.2 SPECIFIC HEAT

The specific heat as a function of API (American Petroleum

Institute) gravity and temperature is given in Figure 2.

1.0 01

1Approximate 7.' G

0.8 Critical
=l~Temperllatulr•

" 0.6

o 0.4
Co

.Ia I A U I . I I I I I I -

0 200 400 600 800 1000
Temperature (OF)

Figure 2. Specific heat of hydrocarbon products vs
temperature. (ref 3)
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2.3 VISCOSITY

The weak van der Waals-type forces between molecules provide

cohesion to a body of liquid, and hence a resistance to internal dis-

placement and flow. This resistance is termed the viscosity. Since

liquid fuels expand with temperature rise, intermolecular distances

increase and the viscosity falls.

The dynamic viscosity (n) of a sample may be defined as the

shearing force on the unit area of either of two parallel planes at

unit distance apart when the space between planes is filled with the

sample fuel, and one of the planes moves with unit velocity in its

own plane relative to the other. Hence, the force per unit area pro-

duces a unit velocity gradient, such that the dynamic viscosity can

be obtained. Kinematic viscosity (v) is used for most calc~ulations.

The kinematic viscosity is defined as the quotient of the dynamic

viscosity and the density of the sample. Hence v - n/p, where p - the

density of the sample. With the metric system, the unit of kinematic

viscosity is the cm 2I/, or Strokes (St.). Here again, the smaller unit

is more convenient, that is, 1 cSt. - 0.01 St. - I mm 2/s. Kinematic

viscosity is of general interest in fuel technology in connection with

the pumping and atomization of liquid fuels.

For petroleum-type fuels, the variation of kinematic viscosity

with temperature can be expressed by

lOg (v + a) = n log T + b,

A-li
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where a, n and b are constants. These constants have been adopted

and graphical charts standarized by ASTM and 'Refutas" methods.

The linear variation of kinematic viscosity with temperature is

shown in Figure 3.

Temperature (*F)

so 80 160 240

P P C
103 r"P=Pour point

C102 C=CIoud point

C

10 C Fuel oil
C0 5-

0

U Diesel fuel
0

E

-- Gas oil
Avtag /

Mogas Avcat

Avgas Avtur

-4o 40 80 10

Temperature (*C)

Figure 3. Viscosity-temperature curves for representative

commercial hydrocarbon fuels. (ref 2)

Viscosity varies almost linearly until the temperature falls below

the cloud point denoted by C in Figure 3. The cloud point is the

temperature where haziness appears in the oil due to the formation of

A-12



HNDTR-80-45-SP

wax crystals. Pour point is the temperature below which oil ceases

to move without mechanical agitation. Between pour point and cloud

point, fuels behave as thixotropic materials since, despite their

apparent solidification, some of the lighter fraction still exists as

liquid droplets within the porous wax matrix and agitation serves to

break down the wax matrix to restore some fluidity to the liquid-wax

slurry. Fuel oil viscosity is very critical in relation to pumping

through a fuel system and atomization at the furnace. Since viscosity

increases rapidly as temperature falls, internal or external heaters

are usually required for storage of heavy oils.

2.4 THERMAL CONDUCTIVITY

The thermal conductivity of petroleum products and water as

functions of temperature is shown in Table II. Thermal conductivity

of fuel oil is generally one order of magnitude less than that of

water. Therefore, conduction effects of heat transfer in oil are

almost negligible. Thermal conductivity does not change drastically

over a wide range of temperature. Assuming No. 6 fuel oil is a

homogenous liquid mixture, an interpolation of the data can be made

to estimate the No. 6 fuel thermal conductivity.

2.5 VAPOR PRESSURE

The absolute vapor pressure of a liquid fuel may be defined

as the pressure exerted by the vapor above the free surface of the

liquid at the given temperature. Vapor pressure gives a significant

indication of the extent of vapor loss likely during fuel storage in

A-1 3
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I the vented tank, and the tendency for vapor release and possible

vapor lock in pipelines during transfer. A typical variation of

vapor pressure is shown in Figures 4 and 5, as a function of relative

I denuity or temperature.
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IJY Mogas..

12- Winter -80

Summer
40

o / SAvtrr SO >
0 0

CL 06
a0.

3o0 Avitura00.7 0.75 0.8

A Relative density

Figure 4. Variation of vapor pressure with relative density
for representative commercial hydrocarbon fuels.

-'50

Mogas Avtag

Avgas

30 0200C

CLe tme a vtu rC

00

0 A100CL

0I

I. 10Fuel oil Diesel
:2fuel

0 100 200
Fuel temperature (00

Figure 5. Variation of vapor pressure with temperature for
representative commercial hydrocarbon fuels.
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Reid vapor pressure is defined as the equilibrium gauge pres-

sure exerted by petroleum vapor in a sealed bomb whirh is placed in a

water bath controlled thermostatically to 37.80C (1000 F). For fuel oil,

the vapor pressure is actually very low for temperatures less than 2000 C

(3920F) as seen in Figure 5.

2.6 INTERNAL ENERGY

The internal energy for petroleum products is given in Table III.

TABLE III. INTERNAL ENERGY (H; Btu/lb mass)

OF PETROLEUM PRODUCTS (ref. 4)

Temp. 1F 10 API 20 API

-20 59 62

0 64 67

20 74 78

40 82 86

60 90.5 96

80 98.5 104

The base value of internal energy is 0 btu/lb mass at -128 C (-200 F).

Figure 6 shows a graphical representation of the internal energy of

oil as a function of its temperature. Above -6.70 C (20°F), internal

energy behaves linearly as a function of temperature. As previously

A-17
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noted, No. 6 fuel oil is a complex mixture of multiphases and of many

compounds. Therefore, the internal energy in the temperature range

of 0 -20 C (320-68°F) can only be approximated and is shown as a

gap on the chart.

s0 Data points from Table 3rr

API1 /
60 

/ /

/

4 ,4 /API 20

* / /

EC.~ 20- 
/~

0

-20- o/
/

-20 1/

I p I p I n I p I !

90 ?0 60 90 100 110

Internet Energy (Sto/lbm)

Figure 6. Internal energy of hydrocarbon fuels.

2.7 HEAT OF FUSION

As previously discussed, the stored cool No. 6 fuel oil has

the characteristics of a thixotropic material due to its crystal-

lized wax components along with its liquid components. The heat

A-18
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TABLE IV. HEAT OF VAPORIZATION (ref. 3)

Latent heat, Btu per lb. for the

Temp., _____following Apt gravities

OF60 50 40 30 20

200 138.2 136.9

300 123.3 123.3 123.4

400 107.7 109.0 110.5 111.8

500 ... 93.8 96.7 99.3 103.0

600 ... ... 82.0 86.1 91.3

700 ... ... ... 73.8 78.5

800 . . . . . . . . . . . .64.7

06

a E
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of fusion of these wax components must be estimated and utilized in any

No. 6 fuel oil heat transfer study.

Assuming that No. 6 fuel oil can be represented by a homo-

genous mixture of API 10-20 oil and paraffin wax, a linear interpolation

between API-10 and paraffin wax, provides an estimate of its heat of

fusion. Table V presenLs such an interpolation in which the API-10 oil

heat of fusion was estimated from Figure 6 and the paraffin wax data from

Table VI.

TABLE V

API 10 No. 6 Oil Paraffin Wax

TFusion 150 F  600F 1220F

AHFusion 10 Btu/lb mass 27.6 Btu/lb mass 63.8 Btui'lb mass

In the "Storage Tank Guide," 5 furnished by DOE, the following

relation is used to estimate No. 6 fuel oil heat of fusion
(AH) Fusion Cp (Tf - T )

Cp is the specific heat and T and T indicate the temperature at flash
f p

and pumping points respectively. Using the data provided in the same

reference, the No. 6 fuel oil heat of (Ref 5) fusion may be estimated

as follows:

A-20
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TABLE VI. MELTING POINT AND HEAT OF FUSION

OF VARIOUS SUBSTANCES (ref 6)

Heat of Fusion

Name Calories B

C OF per Gram per

Beeswax ................ 62 = 143.6 42.3 76.1
Benzol ................. 2 = 35.6 29.1 52.4
Carbon dioxide ......... -56.3 = 133.4 43.8 78.8
Cresol ................. 34 = 93.2 26.3 47.3
Glycerin ............... 13 = 55.4 42.5 76.5
Naphthalene ............ 79.2 = 175.0 35.5 63.9

Nitrobenzol ............ -9.2 = 15.4 22.3 40.1
Paraffin ............... 50.0 = 122.0 35.1 63.8
Phenol ................. 25.4 = 77.9 24.9 44.8
Phosphorus ............. 27.4 = 81.4 4.74 8.5
Silica ................. 1750.0 = 3183.0 258.0 464.5
Sulphur ................ 115.0 = 239.0 9.37 16.9

(AH)Fusion 0.44 (185-120)

= 28.6 Btu/lb mass

Good agreement was obtained between the two methods of estimating No. 6

fuel oil heat of fusion. This may imply that simple linear interpolation

theory can be used as a lowest order appro-imation.

study of the thermodynamic properties are needed.

2.8 USEFUL RELATIONS FOR ESTIMATING THERMODYNAMIC PROPERTIES

Assuming an equilibruim condition between the liquid and solid

states of a pure substance, the following relations may be written,

81. = gs

8f =  
gg9

A-21
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where "g" is the Gibbs function per unit mass, subscript f and s

represent liquid and solid state respectively.

g - h - TS,

where h is enthalpy, T, temperature and S is the entropy per unit mass.

gs = hs - TsSs = gf = hf - TfSf,

during the phase change. T = Tf9

Ahsf = hs - hf = TsASsf =Ts(Ss - Sf)

with Q being the heat flow during the phase transition.

An empirical approach is used to estimate the transport prop-

erties of viscosity and heat transfer coefficient. No. 6 fuel oil is

assumed to be a homogenous mixture of paraffin and other oil products
L S kL kS

in which wax, wax, wax and wax are the viscosity and heat trans-

fer coefficient in the liquid and solid states respectively.

V fl(PT)v L

V0 6  1 wax

kS = f(P,'r) kS

06 2 wax

Functions f and f2 are arbitrary functions of pressure and tempera-

ture which relate No. 6 fuel oil properties to those of the paraffin

wax. For the lowest order of approximation, they are represented by

constants.

To find a realistic functions of f and f29 the kinetic theory

for liquids and solids and statistical thermodynamics together with

correlation studies with experimental data should be used. Such an

effort is beyond the scope of this study. Therefore, f, and f are
1 2

considered to be constants for this investigation.
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SECTION 3

SIMULATION MODEL

3.1 THEORY

The density of No. 6 oil changes very little over the tem-

perature range of 100C to 500C (500F to 1220F) allowing the use of

incompressible fluid equations for this investigation. A rectangular

tank is used for numerical analysis purposes by employing Cartesian

coordinates. The rectangular tank is shown in Figure 8 with the coor-

dinate system employed. It is further assumed that the thermodynamic

properties are constant over the range of temperature variations.

Under these assumptions, the equations of motion are

Continuity equation

au + av 0 (3.1)

x-Momentum equation

-- u -~a - -- 1 p a 2 u a2u\

au -u au. a + 0 + (3.2)at ax+Vy Poax x% T-2)

y-Momentum equation

av + L v v 1 g a(T- TO  + I az v + a 2v  (.3at ax +v ay -y 0 2 T2 ) .3

Energy equation
aT aT aT = __ /a 2 T a2 T\ ~ xy
LT+ uL+ v aL /a 2 T-+ - 2 + "0% (3.4)at ax ay PoCp \22 PC)OP x y OP
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4 400'

rdI

Figure 8. Storage tank dimension and coordinate system.
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In Equations (3.1)-(3.4), p = density, u = velocity in x-direction,

v = velocity in y-direction, p - pressure, v = kinematic viscosity, g =

gravitational acceleration, a - thermal expansion coefficient, T = tempera-

ture, X - thermal conductivity, Cp specific heat and Q denotes internal

energy generation rate. As internal energy changes occur, it should be

noted that gravitational effects come in only as a buoyancy force in accor-

dance with the Boussinesq approximation. This approximation is valid as

long as temperature increment (T-T ) is small in comparison with 1/0; it

is the essential factor for the phenomena of natural convection heat

transfer.

Define the dimensionless variables:

uH vHx _x y _- = _____ u -- v --

X y' Hy' H2/N' V V
(3.5)

T -T

=HV' T -T I 2Soy X (TI  )/H

where H denotes height of the tank and T denotes reference temperature

imposed at the bottom of the tank, which can be ground temperature. Intro-

ducing the stream function into equation (3.1), eliminating pressure terms

from the momentum equation, and introducing the dimensionless variables

defined in equation (3.5), the equation of motion can be written in

non-dimensional form as follows:

2 a2
9 = - ( + (3.6)

ax 2 a2) (3.(a2

+2 a(UQ) +a =- G -e+ - 37aT ax aY r X (3.7)

ao ae +u(e) 2 2 \ 1- ax +3Y =r (ax2 @ + rQ (3.8)
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U V - (3.9)

Y' -ax'

where i denotes stream function, 1 vorticity, G = Grashof number andr

Pr - Prandtle number. The dimensionless form of the equations has an

advantage over the dimensional form when interpreting the results of

the analysis for various cases.

Figure 9 shows the domain of analysis with initial aud boundary

conditions for each dependent variable in dimensional and in non-

dimensional form. The dependent variables (*, 2, 0) are computed from

equations (3.6), (3.7) and (3.8). Equation (3.9) provides the relation-

ship between vorticity and the stream function. The independent variables

are time (t) and the spatial coordinates (x, y).

3.2 NUMERICAL METHOD

The Crank-Nicholson type Alternating Direction Implicit (C-NADI)

numerical method is applied for the solution of equations (3.7) and

(3.8). A successive over-relaxation technique is used for equation

(3.6). Figure 10 shows the flow diagram.

The Crank-Nicholson type ADI scheme used for the energy equation

consecutively, over two half-time steps, each of a duration of AT/2, is

* n (UO)* (U (ve) 1

+ lj + (v)i,j+l i,j-
AT/22LX 2AY

1I @i~l +i-l] -2@i,] +_@ i+lj i-lj L

Pr (AX)2  (AY)2

+iQ n (3.10)
+r i,j

followed by
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y = O. = X, U

U -0, V= 0,2-=0
) y

U =0 U= 0

-T v= 0

ax
Q

y HY U = 0 T T

V=0 1 (a)

Y
v

X -0

-0

36 0  e 0 =0

ax

Y =1

(b)

Figure 9. Computational domain with initial and boundary
conditions in (a) dimensional form; (b) non-
dimensional form.
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SET U=U n, ~

SOLVE ENERGY
EQN (3.8) BY ADI

EQN (3.7) BY ADI

SOLVE POISSON R)YES
U =n nl EQN (3.6) BY SOR NS O

IV n+ BY I T=T 3.)STOP

COMPUTEU &

SE

Fig. 10. FLOW DIAGRAM
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X--0
y=O - -- X, U

U =0, V= O, - 0
,)y

U =0 U= 0

DT 0V= 0

Q

y;H
v= o T=TI
V=0 1(a)

v

X =0 Do 0

-Y = - a0 IN

T 0 6X 0.0

Y =1

(b)
y

Figure 9. Computational domain with initial and boundary
conditions in (a) dimensional form; (b) non-
dimensional form.
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SOLVE VOERGIY
EQN (3.7) BY ADI

SOLVE POISSON YES

jU Un+i EQN (3.6) BY SO R NO

NO COWRITE

Fig. 10. FLOW DIAGRAM
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, *(V n+l n l

e+1 . (116) (6 V)(6
0i + (Ui+,j- _Ui-lJ + ( ij+l -il

AT/2 2 AX 2AY

1 + a -26 (VO)n+l -(Ve n+l

-i+l +  - 2 ij + 2,j+l- i'j-I
Pr (AX) 2 (AY) 2

+ 1 Q (3.11)
r

Equations (3.10) and (3.11) can be solved by a tri-diagonal matrix

solver, such as Thomas algorithm.

The vorticity equation (3.7) is then solved by exactly the same
^n+l

method with 6 . values. After this, equation (3.6) is then solved1,j

by SOR technique, i.e., with AX = AY,

pml) (l-w) + [( i~

M. +pm L(X) 2 ,n+liJ 1iJ 4 AX)2

m m+l m +m+l 1+ 4 i+lj + +i-lj +ipj+l + 1iJ (3.12)

where w is a relaxation parameter. A new velo.ity is then computed by

equation (3.9). New approximation with

V 1 vn+l ) and V 1 (Vn+l V
22

is made until there is no appreciable change in Un+l and Vn+l This

process is to be continued until the computation progresses to a

designated run time.
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I 3.3 SIMULATION TESTS AND RESULTS

Simulation test runs have been made for conductive and con-

vective heating utilizing horizontal and vertical heating sources in

* a 400' x 400' x 50' tank (1.42 million barrels). Heating source temn-

peratures up to 346 0C (6550F) and heating times up to 30 hours were

investigated. At 6550F, the No. 6 fuel oil would undergo cracking [2]

even for short periods of heating. A more realistic heating temperature

of 150'C (3200F for longer periods of heating was also investigated.

Simulation times are related to computer use time and were limited by

I funding constraints of this investigation.
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A3.3.1 CONDUCTION MODEL

(i) Horizontal Heaters

Horizontal heating of No. 6 fuel oil is probably the most used

method by industry of heating stored No. 6 fuel oil. Therefore, the

temperature profiles shown in Figures 11 and 12 are of prime interest

as they represent those conditions that might be experienced under

the RPR storage program. In accordance with RPR criteria, concept

design is based on a withdrawal temperature of 49 0C (120c F) and all

pumping horsepower requirements on a No. 6 fuel oil viscosity at this

00

fusion of the wax crystals considered, Figure 12 shows that 120 0F or

greater might be expected up to about 12 inches. For a 45-day draw-

down schedule, approximately 10 inches would be removed from the

storage tank each day. From these data it may be determined that the

No. 6 fuel oil outside the heat exchanger tubes is near the same tem-

perature as the heating medium inside the tubes. Thus, the use of

a large heat transfer area is required. For example, if the estimated

28 F delta temperature is valid, a heat exchanger having the equivalent

of 70,000 feet of standard 2-inch pipe would be required.

(ii) Vertical Heaters

Figures 13 and 14 show the temperature profiles obtained by

a vertical heater. For conductive heating alone, the vertical heating

appears less desirable than horizontal heating.
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X 0.063 Btu/hr f t OF p =63.4 Ibm/ft 3

cv0.46 Btu/Ibm *F u0=5XI0'1 ft2/sec

I I I I I I I I IIII I I I F

Time 15 hr

50'

600 F (a)

,1L 0. r 6 1.7 * F
5.d TA-1 c 200 F

T -7000 F

IN (Heat of Fusion= 0)

200'

Time 15 hr

50'

600 F(b

&0. 1-60.1* FJ
4. -- 'Tt-20- F,4 .0 1 A . T -6 4 0 0 F

QIN (Heat of Fi'sion=27.6 Btu/lbm)

FIG. 11. CONDUCTION WITH HORIZONTAL HEATER

(Case A, ()IN~ 5.2 5 x10 3 Btu /hr f t3 )
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X = 0.063 Btu/hr ft F p = 63.4 Ibm/ft 3

c, = 0.46 Btu/Ibm*F uo=5xlO - 4 ft 2/sec

9 200'

Time 3 h0 hr

50'

600 F (a)

ILI .-- 60.5- F -I 2 0 0 F

T2200-F

IN (Heat of Fusion = 0)

200' %A
I V I I P P ) l P P P11

Time 30 hr

50'

60 F (b)

600 F F:1200 F
3.1 . . . . (::r V-6 T [--1201600 F T

0IN (Heat of Fusion = 27.6 Btu/Ibm)

FIG. 12. CONDUCTION WITH HORIZONTAL HEATER

(Case B, OIN =2 x 102 Btu/hr ft1)
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200'

Time 15 hr

60.10 F 50'

600 F #

(IN 6400 F

30,

)) (Heat of Fusion = 0)

FIG. 13. CONDUCTION WITH VERTICAL HEATER

(Case A, (IN 5.25 x10 3 Btu/hr ft 3 )
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kc 200'

Time 30 hr

5

60.50 F
50'

*-220* F 60c F

IN

30,

L IL
F% 10,(Heat of Fusion 0)

FIG. 14. CONDUCTION WITH VERTICAL HEATER

(Case B, IN = 2 X10 2 Btu/hr ft 3)
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3.3.2 CONVECTION MODEL

(i) Horizontal Heaters

Figures 15 and 16 show the velocity vector displays and tem-

perature distributions within the storage tank at 500 seconds after

activation of the horizontal heater. The rates of heat supplied are

3 2 3
1.6 x 10 and 2 x 10 Btulft /hr, respectively. From this modtdl calcu-

lation, the induced convective motions are very slow, only -1.44 x 10-6

rW ~ and 9.12 x 107 ft/sec, respectively. These velocities are so low that

they would not significantly increase the overall heat transfer coef-

ficient across the heat exchange tubes. The temperature distributions

are also depicted in Figures 15 and 16. Because the effects of fusion

and temperature dependence of transport coefficients are not included,

the temperature profile shown in the figures are approximately 600;.

too high.

(ii) Vertical Heaters

Figures 17 and 18 show the velocity vector displays and tem-

perature distributions within the storage tank after the vertical

heater has been turned on. These velocities are in the order of

2 x 10 2times as great as they were for the horizontal heating cases.

However, they still remain extremely low. The heat supply rate is

the same as for the horizontal heater, but the total amount of heat

added is smaller because the heating surface is much smaller. Thus,

the volume of the heated oil Is only 2 x 10 3cubic feet.
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200'

Time =500 sec

* ,t . .. *. . . . . ., . e. 8D 4 50'

b , a ' * , a ' 0

6- 6 ~ 4 44 ft

01N
VELOCITY PROFILE (IVImax= 1.44 x 10- 6 ft/sec)

14 200'
I I 5 I I I I I I I

Time = 500 sec

50'

600 F

1-600 F

1-6400 F

61N (Heat of Fusion = 27.6 Btu/Ibm)

TEMPERATURE PROFILE

FIG. 15. CONVECTION WITH HORIZONTAL HEATER
3 3

(Case A, IN = 1.6 x 10 Btu/hr ft )
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200,

0 0 0 0 0 9 a 0 e * * 50'

* -0 0 0 0 a 0 0 0

A * 0 0 4

.1 A A A j
4; 4 - • • .. . . *

T - -TT T-
01N

VELOCITY PROFILE (IVImax =9.12x10 - 7 ft/sec)

200'

Time 1000 sac

50'

600 F

r--60 ° F

QIN (Heat of Fusion = 12-7.6 Btu/Ibm)

TEMPERATURE PROFILE

FIG. 16. CONVECTION WITH HORIZONTAL HEATER

(Case B, OIN= 2x1O2 Btu/hr ft3 )
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k 200'

Time 500 sec

' s o 0, lo p .

" 
. .

4 9 5 . . . . . . . .gINo. 46 1 . . . . . . . . .

-% 'S 
. . . . . . 5 9

VELOCITY PROFILE (IVImox 3xlO- tt/sec)

kc 200'

Time 500 sec

I 6 °F 50'600 FF3 5 ! ' - - L . . 6 4 0 0 F 6 0 0 F

S IL Lo, I ,1 5 ,jA T: PROFLE

(Heat of Fusiot, 27.6 Btu/Ibm) -
5 12'

TEMPERATURE PROFILE

FIG. 17. CONVECTION WITH VERTICAL HEATER

(Case A, QIN= 1.6x10 3  Btu/hr ft)
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200'

20 so so .s s5

I, " iV" V V ... ..

0 1 1 ,I, 41 V 11 . . •

P4  "' 'l *, , b • . a. a a S S * 0
-1

+,m~ . . . . . .. . . . .

0 --

VELOCITY PROFILE (IVImax 1.73 X I0 4 ft/sec)

9 200'

Time 1000 sec

600 F 50'

35'. 20N 600 F

V.--I0'- ...~(Heat of Fusion 127.6 Btu/Ibm)

TEMPERATURE PROFILE

FIG. 18. CONVECTION WITH VERTICAL HEATER

(Case B, 6IN = 2 x 102 Btu/hr ft 3 )
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II

SECTION 4

CONCLUSIONS AND RECOMMENDATIONS

II

4.1 Thermodynamic properties ior No. 6 oil are almost non-

existent. Vor analysis purpose-s, thcy have to be estimated from similar

pt)t roleum products.

4.2 Convective heating is much more effective than conductive

heating of No. 6 fuel oil as its viscosity rapidly decreases as its

temperature increases. Two non-dimensional parameters, i.e.,

Gr = g$ A6H2 /v2  (Grashof number)y 0

and

Pr = uC / (Prandti number)
p

determine the characteristics of convective flow motion and conse-

quently convective heat transfor rate. As viscosity decreases Grashol

numix'tr increases quad rat ica I ly and stronyer convect ion current will de-

velop as seen from equation (3.7). Reduced viscosity makes the Prandtl

number smaller and consequently higher heat transfer rate as seen from

equation (3.8).

4.3 Fluid motions for a vertical heater induces velocities approxi-

mately 2 x 102 times higher than those of the horizontal heater and

they take place throughout a larger volume of the oil.

4.4 Industry practice of keeping stored No. 6 fuel oil in a hot

liquid state appears to be justified. Allowing it to cool and congeal
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prior to heating and withdrawal presents extensive technical risks

that should not be taken unless substantiated by experimental data.

Thus, recommend that RPR No. 6 fuel oil storage criteria be modified

to allow No. 6 fuel oil to be heated sufficiently to keep all its

components in a liquid state during storage.

4.5 If paragraph (4) above is not adapted, it is recommended

that longer simulation tests be performed; present data indicates that

prolonged heating (two weeks) prior to withdrawal may not be the optimum

prehCitill) Limll.

4. 0 1 pIdaragraph (/4) above is not adapted, it is recommended that

inhcs of drawdown per (lay be considered in the determination of the

storage tanks dimensions.

4.7 Additional larger scale active storage studies are recommended

to verify results of this analysis, and to provide management with fac-

tual data to substantiate an ultimate decision on whether to heat the

stored product, or not.
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APPENDIX A

COM1PUTER~ LISTINCi

c THiIS PROGRAMI STUDIES TWO DIMENSIONAL TIME DEPENDENT FREE
C __ CONVECTION IN A KECTANUjULAN TANK.
c 1vPORTANT PHYtICAL PAkA*LTERS ARL AQASHOF A'th PRAI -TLI NU.ES
C ONKN0WN VA kI A'L E AR E VOk I C ITY T EMPE RATURL AND .TR EAF FUNCTI ON
C PANLTLF NUmJ3%zPR

C __(RA SJOF NUM9E#;ZGR
c V0ATIC ITY=OMEGA ,0MNE. ,U'mE
C ____ 1MPkRATURE2TNtTA,THLT,THNEW
C ~ T AEA - F 6N C 71ON-SI ~ S I- - __

C VELOCITY IN X-O1hECTION=UUNEW

C ELOCIITY IN Y-,IkCTIC~V,VNEW_______

___PARArER M1,1
,IMENSION U(i ,u) ,V01,N) 0PjGA(M,N) ,TH-TA("AN) ,PSI(;lYN),RHS (wN),

IUE(',N),V'4EkM,N),ONE.(M,N),TNEW(',N),AU(M,N)HAV(M,N),

DATA PR,C-R/e..C,1 OC.0I
_____ ATA DT,F'AXSTP,ERRMiAX,MAXKDI/0.0OO5,20,O.O31 110/

D ATA 1PLT/ 51 -

Vv~1

MM=M-1
NN=N-1

_C_ _SPIC IFY INITIAL fLO6 (U,V) ,TEMPERATURE FIELDC THLTA) AND HtAT
C SOURCF.CINQ)

LO 1 1-1 'M
LO0 1 j zI, N

OmEGACI ,J)-C.0
THE TA (1 , j) =o *

1 IF(J .EG. N) THETA(,J)=l.0
DO 2 1 =1,
DO 2 J~l N

IND(!,NN)1O0)
3 N G(I ,N) 10 0 C

C
C PROCEED TO NEXT TIME LEVEL A14D COZMPUTE TL,4PERATURE,V0RTICITY AND
C ___ ELOC:TY AT TliL NEa TIME LEVEL--

200C i.ST! PtiSTEP+ 1
I F (NS E P .GT._feAASTP ..o Tu 100

- DO- 1C_ J z1,N

UNE(!,J)mUCI'J)

CMNE.CI,J)=OMECA(I,J)
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10 THNEw(I.J)'zTiHTA(I9J) --...

C
C LNER(jY EQU'ATION IS !ULVED HERE *ADI mETHOD IS FMPLOYED.
c L D I li.f LEVLL %tUCIjI[iE.ARtUSED.

C JhSULTINC TqI -L:ALOtAL MATh IX FLO' AD I METPIOD ARt SOLVED By
C IULL-PUSH M THuo I.N x-DIKECIION (TR ID C1I AND Y-DIPECTI,N CTRIDG?).
C

R D T/ (I' R * H )

1CC0J DO 2) jr2,N
Do__ O 21 1 =2 ,M K._ M.___

hAy CI, j)=C, j) .2 .0
A l, J ) (HAU (I, J ) 'R+R)

CE( I, J j ( =, I , J k -c -R

A+R* =.THT(THTC,+ -ITJiTAV(I,J)+R,-TETA(IJ1)TETl,J-1))

____ F(I-2,) 15,13,15 _____

13 b(2,,j)=P(2,J)+ *4.~A ( 2 13
C (2 , j)=C(2 , j)-A( , ) / 3.*0

15 IF (I-M-) 19,17,19 ___ __ __

17A( KM , J) AC(, J)44C MM /3.0

19 CONTINUF .--.- . --.-- . . . -

21 CoOTIUE

THEE (I ,J )=THETA(1,JF ----- .- - .--

22 HAT(IJ)mTHETA(I .1)

DO 26 .J2,NN
SA L L T R IDG 1 (J M , P.,A , U, C S , d C T A (A M A
Do 27, 1=2,YSm
HE T , ) CI J)

co 25 j=2,NN
THET(1,J):C4.)*THETC2,.)-THETC3,J))/3.0___

2 5 T Ef; -- 4.T- , j-
DO 3, I= ."

______DO 35 Jz 2 ,NN_______ _____________

A(1,J)=-(HAVCI,J)*RP*+R)

_ c;__i ( I , i ) =2 . 1) ( Il + k ) _ ____ ___
C-(- fi =-H A V i,-J )' - __ -- - --. -- - --.- . .

______.P*(THET(I-1,J) %..-*THET(I,J)+.THET(I-1,J)) _____

.-I iNo C ( ,
IF (.J-2) 29,27,2Y

2-7- i~I2'(, OA( I, 2 f/3-.0

29 IF Cj-N'.,) 33,',1 ,A

33- C6,NTI J U E
35 CONTINUE

DO 37 I-t~

AA-2



HNDTR-80-45-SP

'CLL T'RID62(1,tM,N,A,B,C,S,W,BETA,GAM" A)
Do 37 j=2,NN

DO 36 1,
30 THET(1 *1 ) (4.0.T ETCI,2)-THIT(I,3))/3.0

- DO__ 0 39 J = , NN _____ _ _____ ___

- TIET(,J) 4.C.TtETCZ-,J)-TET(. 2J))/.

C VORTICJTY EGUATIu. IS SOLVED BY ADI mETHOD WITH JUST C014PUTED
C TEMPERATURE FILLD AND OLC TIME LEVEL VELUCITIES (U,V) 2

D0 1.0 1. 1, m

40O(I,JOEC(MIA1J)OMNW(1,J))/2.O 0 _

DO 49 iz2,NN
to 49 1 2 ,! ____ ___ ____ _____

,(ItJ)2AU(IvJ4R)

A-OYfG8(,J-1)),Rl~CO.'E.ACI,J41)-2.0*O4ECA(l.J)
A+O1.E; A(IJ-1) )+0.5t*GR*RR(HAT(l, ,J)-MAT(I-1 ,J)) -_____

IF (1-2) 43,41,43
41 S(2,j)=SC2,J)
43 I(-M ?,45,4 ___

45c SCMM m-)S(MMAvj i-- MM ,j j -O~(M,j TeV( MM --1,J)/2.
47 CONTINUE
49 CONTIfNuE ___

DO 51 j=2,NNm
CALL TRXDGI (J,M,N,A,B,C,S,W,ETA,GAFMA)
DO 51 .12.mm______

51 OME(lJ)zw(I, J
00 63 1=12,MM
Do 63 j=2,NN
AC! ,J)=-(HAVCI ,J)*Rq+R1 )

£C(IJ JH=2.IJ*01!(,)HA(,)R*Rfi(4 ,JOM

____A.5*GR*R*(HA1(+,j)-HAT(I-1,j))_________________
IF (J-2) 57755,57

57 IF (J-NN) 6,96

61 LONTINUE
63 CONTINUE ___________________________________

DO6- 5 I zl
DO 65 J~l N

65 OMFECI,J)=OMNjW(I,J)
00o 67 i=2,rmm
CALL TRIDo?(! ,M,N,A,0,C,S,i,,BETA,GAfi4'A)

S uO 67 J=2, f.N
647 GMEJIJ zwII)
*DTMAX=O.g

DOIPAX=0.0
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C COMPUT[ THL STmEAM FUNCI~rON dASF.D ON COMPUTED VOtTICITY tlELD
C uY SUCCESSIVE OVEM.RLAXATION METHOD( CALL SUBROUTINE SORLA) __

L)0 6) 1=1,M
DO 6q 9 'j14N______ ___________

69 H ij -!(i.)-___-
CALL SORLX(PS1,HS,%i,h,,,,U.0OC1 ,ITER)

C __~-PT UAND V AT ItN-TEkIOR POINTS AND-AT THE AXIS OF SYMmETRY -

C
Do 71 1=2,rM __________ _________

DO071 J=2,NN-- --

71 NEhi(I a )=-PSI (1,+1 ,)-PSI(I,-1,j))(2.0*H)

DO 7c j=2,%t

* ~~72 VNEW(1,J)=-PSI(2,j)/H _____ ________

* C COMPUTE VORTICITY AT SOLID WALLS USING U AND V.2

DO ?4 J =2 ,NN- *.--.-- _____

74 uEvj=-.VNM,)VEWwrl,J))/(2. H) _____

D007 6 1I1 ,M

78 OIM(I,N)=(4.0*uNLw(I,N-1 +UN_.........-U-H

c SUM OF 0I FFR'RkEE UETWLEto THE RESULTS OF TWO SuCCFSSIVL CAL-2--
C -LULArION_ FOR 'M4III N EMPFRATtIRF MUST B3E LLSS TH4AN ERAMAX.

C IF NOT, IlERATIQN CONTINUE...-
C

OPED AHS ICmF(I,J )-UmNEw (I,J ))
_____IF (OMED .LE. uOFAX) GO TO 73 _________

DOMAX=CMED
73 THED=AES(THETQI a)-THNcW(I,J) )

__ IF (THED .LE. DTMA x) G G TO 75
,)If'Ax =THE D

?5 CCNTINL'E
77 CONTINUE ________________________

.RlfLC6 , 75) KDI 9DCFMAADTMAX- _ _-_____-_____

78 FORMAT(1X,L.HKDI=,14,3X,ehDOMAX=, F9.6,3x,6HDTMAX=,F9.6)
_____IF ((DlMAX(+DOM'AX) *LE. ERRMAX) GO TO 81

D79 J='GNN

? 9 6MNEwiI,J)=OlME(Il,J)i
KDI=KD7+1
IF (iKDI .GT. PMNXIDI) GO TO 61
,O Tu 1000

oi DO 83 I11m
___ DO 6~3 J=l,N_____

THE TA(1,J)= THET(I,J)
OMEGA CI.*J)= OM E(I ,J)
U(IJ)=UNEw(I ,J) ____ __
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83 v (1 j )=v4Ew(1.j )
C

IFCNSTEP.EQ.1) 20 TO 70

IF(NST[P.(,L.' AASTP) 6u TO 70)0O
IF(MCfl(NSTEP,IPLT).NL.6) GO TO 7'120

700Q CONTINUE ______________ ________

DO 7C0I 11, M
G~O 7010 J=1,N
VMAGN SQRTCU(I,J)**2 +*V C IJ)**2)

m T M

7020 CONTINUE______ _____

%hRITt(6,Fo) TIME

b6 tORMATCI5x , FTIML=, F1O.5)
______ ________________________________ ___ L
80 FORMAT(/5X,4NPS1=)

82 FORMAT(/11 lx lXl.6)) ___ __

.RITE( 6,84)
E4 FORMAT (/5X, 6HOP.E.A=)

6RITE(6,85) (C01,.EGA(X,J),J=1 ,N,2),I=1,M)______ _______

85 FORMAT (I11(?( F 10.t))

87 FORMAT (I X ,6HTHETA=)_.

.E~ RMTC/11 (X, ET(IJ)JUN2)I))m

38 FORMAT(/5',2HUX ,

90 FO.R-IT (1 .?9 Fl'.

9 FORMAT(/5y,2HV=)
*RITE(6,90) ((V(I,J) oJ=1 ,N,Z),lI1,M) ______

90 FORAAT(I11 (lX,F1U.6))

60 TO 2000

100 STOP__________________________________
END

3O'PILATION: NO DIAGNOSTICS.
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__ALPHA=COS(PI/v).COS (PI/NJ)

I T L R n

-- LO& ofoj-1,N

101 F(I,J)0O.O
IC? ITLR-ITER*l

t PR0k=).O

DC 1 9 J2,N__ =____________ ___ ___

109 4RRCR=LpkOR+AiJ§(C(I ,J)-VOLD)
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GAMPA (2, J )=(2, J I/ETA (2 J)
L)O 301 K=3,MM

C TA ( K' , ) j ( - A ( K , J)*C (K - 1 J ) 19E£TACK- 1,J )__________
3d GAA(K, i)Z(0 , ) -A (K,J) *GAPM~A(CK-1,J) ) bETA (K J)

%(M,)2GANNA(CMM, J

Do 3 2 K~l,jl
LL=MK-K

3U~ .(LL,J)A C LL,(oJ)**(L,j)/lETA(LL.,J.)

SU;UTN TRI~u2(It,NA,B,C,0,W,LIETA,GAM!AA)
i- -A - - - (-* - - M -

hy=N-1
uE[TA(I 2)=P (I -2~

-- MA A(L - --- - - - - - - - -1,2

M M A K~ ( FP ,-( I ,K)-GAA(I ,K-1 1 )/EAI ,-1) ______

Li N N -2

I . , LL A P A I L L) C( ,LL)w (I , LL +I (E I A 1, LL) _ -

k E T U iiN
END
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ABSTRACT

rhis report describes a study to determine the technical and
economic feasibility of solar energy for long-term heating of stored
residual fuel oil. Four sites along the East Coast were used as a
basis for the evaluations: Portland. ME; New York, NY; Norfolk, VA;
and Jacksonville, FL. Systems were sized for product temperatures of
90-F, 100-F, 110-F, and 120*F. The study considered storage of oil
in aboveground tanks, belowground containers and in mines. A number
of solar heating concepts were identified in the categories of active
heating, passive heating, and heat pumps. Active heating systems are
viable heating options for all conditions considered. Passive systems
studied offered a definite cost advantage, but were not suited for the
northernmost locations at the higher storage temperatures. Heat pump
systems are an attractive alternative to conventional practice, partic-
ularly in terms of source energy consumed; but the cost will be site
specific, depending upon the proximity of a waste heat source.

Vii



HNDTR-80-52-SP

CHAPTER 1
INTRODUCTION

To reduce the impact of possible emhargos on shipments of foreign
oil, the Federal government initiated the establishment of strategic
reserves capable of replacing energy imports. Consideration is being
given to stockpiling a wide range of liquid fuels including crude, dis-
tillates, and residuals.

Studies of consumption and import patterns Iindicate the East
Coast as being the most dependent upon imported energy, and therefore,
the area most vulnerable to an embargo. Because of the distance to low
sulfur coal fields, it also has the greatest dependence upon residual
fuel oil which is used as an energy source for electrical generating
plants, for industrial processing, and for space heating.

Residual fuel oils have low vapor pressures and high pour points.
The temperature range for solidification is 15 0F to 100"F with the aver-
age being approximately 650F. Therefore, when stored over a long term
before extraction, it is reasonable to assume that partial or total solid-
ification will occur with the process starting at the tank wall, floor,
and liquid surface.

* Two options are available for countering the solidification pro-
cess, e.g., (1) maintaining the oil in a fluid condition and (2) heating
the oil to fluid conditions only when embargo conditions occur. The
first of these is not economical for long-term storage because of the
high energy costs involved and 'the second presents unknown technical
problems associated with heating of so large a mass of solid fuel to a
fluid state for effective withdrawal.

Solar energy is a potentially effective alternative to conventional
sources for providing heating necessary for long term storage of residual
oil. Some of the potential benefits of solar for this application are:

* solar heating is environmentally benign

* since elevated temperature levels are maintained continuously
withdrawal can be initiated without warmup delay

* costly heat exchangers may not be necessary

* no precious fossil fuels will be consumed during the storage
interval or during the withdrawal under emergency embargo
conditions

"'Investigation of Feasibility and Practicality of Using Above-
ground Steel Tanks to Store a Strategic Reserve of Finished Petroleum
Products", Van Houten Associates, New York, New York.
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* little or no maintenance is required for well designed,
properly installed systems

* potential for reduced land requirements compared to standby
boilers and fuel storage

* favorable public attitudes, and -.

* moisture problems associated with vented-coned-roof tanks
are potentially eliminated.

The heating of residual oil is an application which is ideally
matched with the capabilities of solar because

e temperature requirements are well within the range of

efficient operation of low cost flat plate collectors, and

* no solar storage system is required.

The principal limitation of solar is its high in! 'al cost.

To evaluate the potential feasibility of solar energy for long term
heating of residual fuel storage facilities, a study was undertaken with
the following objectives.

* develop solar heating concepts for aboveground, belowground, and
mine storage

* evaluate solar feasibility for four cities: Portland, Maine;
New York, New York; Norfolk, Virginia; and Jacksonville, Florida

" estimate system cost for maintaining the stored material at
temperatures .of 1200F, 110 0F, 1000 F and 90°F

" analyze shading profiles of tanks, and

" identify important societal/environmental attitudinal aspects
of solar.

In this study, a number of solar system concepts were defined for
the three types of storage. The systems were catego ized as active,
passive, and heat pumps. Using estimates of system technical and eco-
nomic characteristics, system studies were conducted to evaluate the rel-
ative merits of some selected concepts in each of the three categories.
Finally, the active system was defined in some detail to permit a more
accurate assessment of costs.

1-2
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CHAPTER 2
SUMMARY AND CONCLUSIONS

Active solar heating systems using flat plate collectors were found
to be technically feasible for maintaining residual oil at the extraction
temperature for all sites, temperatures, and storage methods considered.
Standard flat plate solar collectors which employ double-glazing, or se-
lective surfaces, can be readily interfaced with heat exchangers current-
ly employed with conventional oil heating plants; and can be considered
for near term application requiring no extension of the commercialized
state-of-the-art for either the petroleum related components or the solar
related components. Conservative cost estimates of complete active solar
systems for a full sized facility, including heat exchanger and tank in-
sulation, ranged from $1.00 to $3.59 per barrel of product stored, depend-
ing upon location, climate, storage temperature, and collector placement.
By comparison, the conventional oil-fired system is estimated to cost
between $4.75 and $7.51 per barrel of stored product.

Passive systems are most attractive for aboveground storage, except
at the higher storage temperatures and colder climates. However, the
acrylic glazing material used as a basis for this study is not suitable
as a skylight concept due to its flammability. For those conditions
where the passive system was technically viable, costs ranged from $0.68
to $1.05 per barrel of stored product.

The heat pump can readily produce the required temperature when
extracting heat from a variety of heat sources, including low tempera-
ture solar collection devices. In the one example considered, where
the heat pump extracted waste heat from the condenser of a power plant,
the heat pump was found to consume 90 percent to 158 percent less source
energy than a boiler heating plant. Detailed heat pump system costs
were not developed because of the site specific nature of this concept
and the limited time available for the study.

Figure 2-1 summarizes the total system cost for each type of stor-
age and solar system concept. Preliminary system costs for mine storage
were found to be excessive because of the high heat loss associated with
ground water heating. Therefore, these costs were not detailed further
in the study.

As a result of the limited study conducted, the following conclus-
ions were reached.

" Active solar systems are technically feasible for maintaining
residual oil at extraction temperatures ranging from 90*F to
1200 F.

" Active system costs range from $1.00 to $3.59 per barrel of
product stored for aboveground and belowground cut-and-cover
storage.

2-1
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e System costs for mines appear to be excessive (roughly a
factor of two greater than for tank storage).

* The optimum tank insulation thickness was identified as
about three inches, taking into consideration the combined
effects of heat production by solar and reduction of tank
heat losses by insulation.

9 Solar system cost is strongly dependent on temperature at
which the product is stored. For example, the system
cost can be reduced by more than a factor of two if 90 F
storage temperature is used rather than 1200F.

* Climate also strongly affects system cost, with Jacksonville
requiring a system which is roughly one-half as expensive
as for Portland.

* Passive systems are potentially less expensive than active
systems and are considerably less complex mechanically, re-
quiring no fluid transport system, heat exchanger, etc.
However, the flammability issue of synthetic glazing material
must be resolved.

* Technical feasibility of passive systems are highly dependent
qI on climate and the temperature at which the product is stored.

For example, passive heating is viable in Jacksonville at all
storage temperatures considered, but in Portland passive
heating is viable only at 90°F.

" Intermediate performance flat plate collectors employing
selective surface and single-glazing (or perhaps flat black
surface and double-glazing) are more cost effective than
low performance flat black single-glazed collectors.

" Using simplified thermodynamic modeling, annual swings of
± 20F to ± 50 F about the mean storage temperature can be
expected.

" Heat pumps are an attractive alternative to boilers for
heating the product immediately prior to storage. Economic
viability may be dependent on proximity of the storage site
to a waste heat source, such as cooling water discharged
from the condenser of a power plant.

" Accurate methods of predicting heat loss is a requisite to
minimized system cost. This is particularly true for below-
ground cut-and-cover storage and mine storage systems (if
they are considered further).

* Because of the sensitivity of solar collector performance
to the return temperature of the heat transfer fluid, and

2-3
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the large capital costs involved, the design optimization
of active solar systems must concurrently consider the tank
heat exchanger as well as the solar related subsystems.

* Since passive systems are incorporaied into the tank structure,
these systems will have the greatest impact on existing
tank fabrication, erection, and logistical practices.

e Techniques employed for freeze protection of active solar
collectors are compatible with existing heat exchanger con-
fiourations. No over-heat protection is required in this
application of solar.-

* The water bed heat exchanger is readily interfaced with active
solar systems as the water can serve as the collector heat
transfer fluid and the expense of a heat exchanger is elim-
inated.

* The tank roof is adequate for collect.,- ;acement for all
conditions examined except for Portl: .. at product tempera-
tures of 110 F and above.

In summarizing the conclusions from this study, it is clear that solar
energy is a viable economic alternative to an oil-fired heating system.
The cost of the so lar system, even in the least favorable case examined,
(e.g., Portland at 120 F) is almost one-half that of the oil-fired
heating system. Since most of the solar concepts studied maintain the
product at the desired extraction temperatures, (the exception is the
heat pump) the technical uncertainty of liquifying a large solid mass
in a short time period is avoided. Furthermore, solar heating is en-
vironmentally benign, thereby, avoiding unfavorable public attitudes
associated with fossil heating plants.

The present study identified no significant barriers or limitations
to the use of solar for heating of stored residual oil. Nevertheless,
the study did indicate some areas that should be examined to assure that
technical objectives of trie Strategic Petroleum Reserve program can be
met at a minimum cost. These areas are listed below.

* Identify passive glazing materials that are inflammable,
but offer high performance, low cost, and good structural
qualities. Design feasibiiity studies should be conducted.

e Conduct a detailed design evaluation of heat exchanger/collector
concepts to identify optimized configurations and design para-
meters.

9 Develop accurate models of ground heat loss to aid the sizing
process.

* Other design concepts identified in the study but not considered
in detail should be examined for technical and economic feasibility.

2-4
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" An impact study should be conducted to determine the solar
industry's capability for meeting the requirements for full
scale deployment.

" One or more pilot scale storage and solar heating systems
should be constructed and critically evaluated to establish
confidence in solar energy as a viable alternative to boiler
heating systems and to identify critical design, performance,
fabrication and economic issues.

" The feasibility of storing the product at lower temperatures
(i.e., 70-900 F), should be examined, as this will reduce the
total system cost.

2-5
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CHAPTER 3
ENVIRONMENTAL DATA

An accurate accounting of the expected environmental characteristics
of each site is critical to the estimation of solar system performance
and to the determination of its requirements. In this section, the vari-
ous parameters used in the study will be presented.

3.1 RADIATION DATA

In order to predict the performance of any solar conversion system,
the diffuse and direct components of solar irradiation must be known on
a temporal basis for the site in question. For the preliminary evalua-
tions conducted in this report, monthly average radiation levels will
permit sufficiently accurate performance estimates.

A second consideration in the determination of solar performance,
is the prediction of radiation upon tilted surfaces. Although monthly
averages of the daily solar radiation incident on a horizontal surface
are available for many locations, radiation data on tilted surfaces are
generally not available and must be estimated from horizontal values using
theoretical methods.

The radiation values used in this study were provided courtesy of
NASA's Marshall Space Flight Center. The computer codes developed by NASA
are based on an extension of the method of Liu and Jordan2 for estimating
the average daily radiation on south facing surfaces. The extended method
(Klein 3 ) allows for estimation of the monthly average daily radiation on
surfaces oriented east or west of south.

The procedure uses an ASHRAE 4 approach for determining hourly values
of direct and diffuse radiation reaching the Earth's surface. A cloud-
iness factor for each site is applied to clear day total insolation to
obtain the daily total for each month.

Tables 3-1 through 3-8 provide the radiation data used in the bulk
of the study, e.g., radiation on a fixed surface tilted at the latitude
of the site and oriented due south.

2Liu, B.Y.H. and Jordan, R.C., "Daily Insolation on Surfaces Tilted
Toward The Equator," Trans ASHRAE, 526, (1962).

3 Klein, S.A., "Calculation of Monthly Average Insolation on Tilted
Surfaces," Solar Energy, Vol. 19, 325, (1977).

4"ASHRAE Handbook-1977 Fundamentals," American Society of Heating,
Refrigeration and Air Conditioning Engineers, Inc.
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3.2 AMBIENT TEMPERATURES

In order to compute tank heat loss and solar collector performance,
it is necessary to have available environmental tcmperatures for each of
the sites. This data was taken from the Climatic Atlas5 and is presented
in Figures 3-1 through 3-12.

Also required for computation of solar system performance is atmos-
pheric "clearness factors." Figures 3-13 presents profiles of these for
the U.S.

3.3 SNOW AND WIND DATA

Snow and wind loads are required to size the collector mounting
structure and to access the impact of roof mounted arrays on the tank
structure. Table 3-9 presents this data, also taken fi-om the Climatic
Atlas.

5"Climatic Atlas of the United States," U.S. Department of Commerce,

Environmental Science Service Administration.
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Table 3-9. SNOW AND WIND DATA

Mean Max. Month I
Location Monthly Snow Wind Wind Month

Snow Load Speed Direction
(inches) (psg) (mph)

Portland, Maine 20 14 76 NE March p

New York, New York 10 7 99 N Sept.

Norfolk, Virginia 6 4 80 W June

Jacksonville, Florida 0 0 76 SE Sept.

Source: Climatic Atlas of the U.S.A., U.S. Department of Commerce

Note: Snow Weight = 8 lbs/ft3

Therefore 1" of snow fall = 0.7 lbs/ft2

I
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CHAPTER 4
STORAGE CONCEPT DEFINITION

The storage containers and concepts used as a basis for the study
were considered to be those closest to the current state-of-the-art for
long-term fuel oil storage vessels.

Long-term storage of fuel oil for rapid recovery requires that the
storage container and methods must meet the following criteria:

" accessible for fuel oil recovery and equipment maintenance
" container resistance to deterioration by erosion, corrosion,

or chemical attack
" container is inert to chemical reaction with the product

being stored
" extremely low leakage of product by seepage, evaporation, or

leakage
" structural containment of product, hydraulic pressure and wind,

snow and dead loads
" capability to maintain or elevate product temperature above

8O*F to allow recovery.

In this section, basic descriptions will be provided of storage contain-
ers and ancillary equipment which might be considered for heating by
solar energy.

4.1 CONTAINERS

Heavy crude oil Iand No. 6 -residual oil are commonly stored in one of
three basic types of containers, generally characterized by the location
of the container. Storage vessels are generally located as follows:

" aboveground steel tanks
" belowground concrete tanks
*mines

Each of these will be discussed in some detail, particularly in re-
gard to their compatibility with the use of solar energy as a means of
maintaining the product temperature at recovery level.

a. Aboveground Storage

Aboveground oil storage tanks are the most common method used for
storing fuel oil. These tanks are usually welded steel cylindrical tanks
with either a fixed conical roof or a floating roof. Because of the low
volatility of residual oils, fixed-roof tanks are commonly used to store
these products. Aboveground tanks can be easily constructed with common

4-1
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steel erection techniques and are easily accessible for maintenance, re-
pair or emptying. The steel is basically inert to chemical reaction
with the product, but must be properly treated on the exterior to pro-
tect against corrosion. Aboveground tanks can be easily insulated with
sprayed-on foam insulation or fiberglass insuhp: .n contained in a water-
resistant jacket, a necessity if solar heating is to be used. Product
loss by evaporation is controlled by proper roof and vent design. The
structural design of these tanks is straight forward. Several large tank
constructors have designed standard size tanks and have the capability to
design vessels of 1,250,000 barrels. Conventional petroleum industry
methods are available to heat the product by submersed coils in the tank
bottom, or hung from the roof, or by constant pumping of the product
through heat exchangers. Aboveground tanks located in tank farms must
be separated for fire protection requiring large land surface areas.

Aboveground steel tanks are erected onsite by the screw method
shown in Figure 4-1 or by partial pre-assembly using the roll method
shown in Figure 4-2. Leaks in the aboveground tank walls are readily
apparent and accessible for repair. Aboveground tank- appear to offer
the greatest potential for solar heating because u their suitability
for passive heating and overall accessibility.

b. Belowground Storage

Large underground storage tanks have been used in recent years in
the U. S., Europe, and the Middle East for storing crude oil. Below-
ground storage containers are typically reinforced concrete constructed
on an excavated site or on grade and backfilled and covered with earth.
Various underground tank designs are shown in Figure 4-3. Due to its
inherent inaccessibility, the underground tank requires special treatment
of piping connections, location-of mechanical equipment and sealing. The
belowground tank has the advantage of lower evaporation losses in addi-
tion to reduced flammability risk, and land area requirements. The below
grade tank could also provide thermal advantages if the product is stcred
at a temperature near the annual average air temperature. Leaks in the
belowground storage container are -aot visible and are inaccessible and
thereby difficult to repair without draining the tank. Also, any product
that leaked below grade would be lost and could cause contamination of
the groundwater supply. Passive solar heating cannot be readily accom-
modated by the underground tanks.

c. Mine Storage

In recent years, mines have been used in Sweden and Germany to store
heated residual oil for power plants. The mines are characterized by a
large underground cavern or tunnels in the underlaying rock with connect-
ing tunnels and shafts. There are two general types of mine storage,
solution caverns and excavated mines. The storage container is usually
located in a formation subsurface rock or mineral deposit often below
the water table. Solution caverns are large near spherical openings,
often a single cavern, formed in deposits of water-soluble salts either

4-2
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Figure 4-1. ABOVEGROUND TANK SCREW METHOD CONSTRUCTION

Figure 4-2. ABOVEGROUND TANK ROLL METHOD CONSTRUCTION

4-3
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naturally or man-made by pumping in fresh water and pumping out a satu-
rated salt solution. Solution caverns were not considered in this study.

Excavated mines are man-made tunnels, usually long, horizontal and
connected by shafts and other connecting horizontal tunnels. Mines are
excavated using conventional mining techniques in solid rock. Excavated
mines are characterized as either wet or dry depending on the rate of
water seepage into the cavern. The mines are maintained at a slight nega-
tive pressure by slowly pumping seepage water out of the mine (Figure 4-4).

Mines have a potentially lower construction cost than above- or below-
ground tanks particularly if an existing mine or cavern can be used as is.
Mines also have a low flammability risk. The primary advantage of mine
storage is that little surface land is used. The inaccessibility of mines
makes the leak indication difficult, repair impossible, and also, any pro-
duct loss from leakage permanent. The mechanical equipment used for mined
storage must be extremely reliable due to its inaccessibility for repair
and also be particularly resistant to corrosion from minerals present in
the seepage water. An excavated mine is shown in Figure 4-4. Mined stor-
age is suitable only for active solar systems or heat pumps. Because of
the uncertainty about geological conditions, an accurate calculation of
heat loss, and hence system size, can be a determining factor in selecting
a solar system design.

j ~# 4.2 HEAT EXCHANGER

The heat exchanger provides energy to the product to make up for
that loss from the tank envelope. The heat exchanger is a coil of pipe
through which hot steam, oil or water is pumped from a boiler system.
The coil is located either hori-zontally in the bottom of the tank or is
dropped vertically through a manhole into the product. Two horizontal
heating systems are shown in Figures 4-5 and 4-6 for a 1,250,000-barrel
tank. The heat exchanger coils often have a finned surface to improve
the heat transfer to the product. The coils are most commonly made of
steel through which steam is circulated. In order to maintain a constant
product temperature, the conventional oil tank heating system must trans-
fer heat at a rate equal to its heat losses. Currently, many oil storage
tanks are only temporary storage and are often uninsulated, thereby im-
posing large heat loads on the heating system.

A horizontal heat exchanger located at the bottom of the tank heats
the cool product which becomes less dense than the cooler fluid in the
layers above. The resulting instability induces fluid motion that tends
toward uniform temperatures throughout the product. A bottom heat ex-
changer, however, is located where it is not readily accessible. If a
leak occurs in the heat exchanger inside the tank, the heat system fluid
leaks into the product. This can cause sludge formation or other opera-
tional difficulties. The storage tank must be emptied of the product to

- repair a leaking heat exchanger, thus making it necessary to transfer the
product during storage, which may be undesirable in a long-term storage
reservoir.
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The vertical tank heat exchangers have pipes or coils which are
dropped down to the bottom through a manhole in the roof. A vertical
tank heating coil is shown in Figure 4-7. These heaters also heat the
product near the bottom of the tank. If a leak occurs in the tank coil
the heat exchanger can easily be removed and se- ;ced or replaced. Heat
transfer fluid leaks can be controlled and isolated easily. The vertical
tank heaters are located throughout the roof, heating the product in
different parts of the tank. Stirrers are also used to mix the product
and distribute the heat.

For long-term storage of a product that requires constant heating,
insulation must be used to reduce the tank heat losses, especially if
solar is the heating mechanism. With a reduced load and a longer period .

to heat the product, a capital intensive solar heating system that main-
tains the product temperature year round becomes more feasible. The so-

lrsystem heat exchanger would have to tr.i ,fer heat equal to the annual
lossof the tank. On a daily basis, thu. _iar heat exchanger must

able to transfer the energy collected by the array and transfer that eat
to the product. The solar collector operates more efficiently when

Pcollector fluid inlet temperature is lower. It is desirable theref to
keep the temperature differences across the hea. exchanger as low z
possible to keep the collector efficiency high, as shown on Figure
In addition, to keep the collector efficiency high, it is desirable to
keep the temperature rise in the collector (Tout -Tin) equal to or less
than 100F.

The heat exchanger must transfer the daily solar energy collected
by the collector array with low temperature differences during the day-
light hours. The maximum heat transfer rate for this solar heat exchanger
occurs at noon in the summer when the ambient air temperature is high and
the solar radiation is high. A conventional heat exchanger of the type
used currently by the petroleum industry in heating oil in storage tanks
can be sized to heat the product with a solar system. The conventional
tank heaters have a large heat transfer surface in the product and hea.
it by natural convection. Only convection oil tank heat exchangers of
the types in current use are cons'4 -r-d in this study. In a solar system
the hot fluid leaving the collector and entering the heat exchanger will
be loo-M40F. This is a lower temperature than the 180-210*F steam or
water in conventional tank heaters required to achieve high heat transfer
rates required in a solar system with lower temperature differences that
are desirable for collector efficiency. An efficient design must there-
fore consider tie heat exchanger and collector as a unit.

The solar heat exchanger is also part of the solar collection fluid
loop and must be chemically compatible with the collector fluid and other
materials used in the collector piping and the collector. If the heat
transfer fluid is not a dielectric, galvanic corrosion can occur if dissim-
ilar metals are used in direct contact. The heat exchanger should be
made of the same material as the piping (i.e., copper or brass) or it
should be isolated from direct contact with the dissimilar metal piping- -

with a dielectric connector.

34-8
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If the product must be qUickly heated up from long-term storage at
approximately average ambient air temperature to a temperature that can
be easily pumped (800F), then very large heat transfer rates will be re-
quired. Then a heat exchanger are-. ;arger than currently used in contin-
uous storage heating systems will be needed. If a heat source other than
a boiler plant is used (i.e., heat pump) the temperature of the fluid de-
livered is generally lower than the 180-120OF of the boiler. The lower -

temperature differences of the heat pump would require a larger heat
transfer area of the heat exchanger to heat the product in the same time
as the boiler.

4.3 STIRRERS

Stirrers are commonly used in large storage tanks to mix the product and
to distribute the heat from the heat exchanger throughout the tank. The
stirrers are often propeller-type mixers which directly mix the product.
The stirrers are run by electric motors which are mounted on the side wall
of the tank or on the roof with the shaft passing through the tank wall.
Stirrers are readily available up to 75 hp to mix viscous products. With
very heavy viscous products,-inixing becomes particularly important to move
the product by the heat exchanger and to heat the product quickly. Several
st irrers used in large storage tanks are shown in Figure 4-9.

4.4 INSULATION

When storage tank products are heated above the ambient air temper-
ature the heat losses from the tank walls, roof, and foundation must be
supplied by the heating system. A cost-effective approach to reducing
this heating energy requirement is to insulate the tank walls and roof.
Existing storage tanks are often insulated particularly if they are stor-
ing a high temperature product. Current practice involves using either
a mat insulation such as fiberglass or sprayed foam insulation such as
polyurethane. Generally,the insulation is applied to an aboveground steel
tank in thicknesses from 1-6 inches and covered with a water impermeable
weather barrier to protect the insulation from moisture.

Insulation applied to steel tanks should have the following charac-
ter is tics:

9 operating temperature limits should be well above the temperature
of the heated product

* light weight so that the insulation weight does not strongly
affect the structural design

* high insulating value per cost

4-11
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4 LIGHTNIN Multistage Mixing Column

for continuous processing.

Fixed Mount Mixers, 1/4 to 3 HP
direct or gear drive.

- For open or closed tanks.

* I

0|

lix 4 Top Entering Turbine-Type
Mixers, 1 to 1000 HP,
for large tanks, open or closed,
pressure or vacuum.

4Clamp Mount,
Portable Mixers
X to 3 HP, direct or
gear drive.

Side Entering Propeller
Mixers. Sizes to 500 HP, Laboratory Mixers

Gear or V-belt drive.

Source: Product Literature, Mixing Equipment Co. Inc., Lightnin Mixers,
Rochester, N.Y.

Figure 4-9. STORAGE TANK STIRRERS
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" insulation should not contain materials that could be corrosive
to the steel tank (some insulations can give off a weak acid
solution if they become wet.)

" steel tank walls and roof are usually painted with a coating

to protect the steel

* long life with little reduction in insulating value

* weather barrier coating should be applied on the exterior of
the insulation to keep out moisture

* a supporting framework must be applied to the tank to hold up
the insulation or the insulation itself must have enough
structural strength to support its own weight

* when storing flammable products, the insulation should be fire-
proof or appropriately protected from fire hazard.

Matt insulations are usually fiberglass or rock wool batts that are
applied between a supporting structure and then covered and held in place
with a sheet metal cladding of galvanized steel or aluminum. A typical
matt insulation section on a tank is shown in Figure 4-10.

Sprayed-on foam insulations are usually applied over a tank primer
inone-half-inch thick layers until the desired total insulation thick-
ness is reached. A sprayed-on elastomeric weather barrier is then applied
in two layers of different colors to assure complete coverage. Appli-
cations of spray foam insulation are shown in Figure 4-11.

4-13
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CHAPTER 5
CONCEPT FORMULATION

Because the application of solar to large residual oil storage
facilities is unprecedented, the study undertook to identify and examine
as many design concepts as time and resources permitted. The basic tech-
nical and economic characteristics of solar emerged from the few design
concepts examined, but the possibilities for identifying optimum approaches
were not exhausted.

Three generic classifications of solar energy systems concepts were
considered in the present study:

active solar systems - these systems typically employ a flat plate
collector to heat a fluid which in turn heats the product. Pumps and
other mechanical components are a basic feature of active systems.

passivi' uolar systems - these systems employ a collector which is
integrated into the tank structure so that the product is heated direct-
ly. These systems are characterized primarily by the absence of pumps
to circulate a heat transfer fluid.

heat pumps - these systems employ the vapor compression refrigera-
tion cycle to extract heat from a low cost solar collector or from a
waste heat source.

In the following sections, the various system concepts will be
described more fully.

5.1 ACTIVE SOLAR SYSTEMS

Figure 5-1 illustrates some of the active system configurations that
could be employed for heating residual fuel oil. The letters A, B, and/or
M indicate whether the concept can be applied to aboveground tanks, below-
ground tanks or mined storage systems. The systems in the boxes indicate
those that were examined in some detail for cost and technical feasibility.

Active solar systems are comprised of three basic subsystems. These
are:

* collector

" transport subsystem

" distribution subsystem

Each of these will be discussed below for application to residual oil
storage.
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EXTERNAL COLLECTOR ARRAY EXTERNAL ADJACENT COLLECTOR ARRAY

REMOTELY LOCATED INTERNAL HEAT EXCHANGE

INENLHEAT EXCHANGE A
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LEGEND
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B - BELOW GROUND TANK
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Figure 5-1. ACTIVE SOLAR SYSTEMS
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ABM SALT GRADIENT SOLAR POND

INTERNAL HEAT EXCHANGE
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Figure 5-1. ACTIVE SOLAR SYSTEMS (CONTINUED)
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a. Collectors

The collector absorbs the solar radiation energy and converts it
into thermal energy which is transferred into ; - dir or liquid transport
fluid. There are several types of collectc.ib (Figure 5-2). Non-focus-
ing collectors absorb the Sun's energy that falls directly on a flat
absorber plate (Figure 5-3). The temperature that these collectors will
provide is limited. Other collectors, even though they are designated
flat plate collectors, employ curved reflectors internally which part-
ially focus the Sun's energy on absorber tubes. These partial-focusing
collectors can attain higher temperatures. External reflectors are
often used with both the non-focusing and partial-focusing collectors

* to increase the amount of the Sun's energy that falls on their surfaces.
When higher temperatures are desired, full-focusing tracking concentrators
are used (Figure 5-4). These concentrators track the Sun. Some track
on a single axis, some on two axes. Some focus lineraly on absorber
tubes while others focus on a small point. The latter can provide very
high temperatures. The most common linear-focusing c-ilector is a
tracking parabolic reflector with a fixed absc.1bz: tube mounted above
the reflector. The reflector tracks the Sun one axis while the ab-
sorber tube remains stationary. A similar collector is one that employs
a fixed parabolic reflector with an overhead absorber tube which moves
(one axis) so as to stay within the focal plane of the reflector. A
third linear focusing collector uses a single axis tracking lens/absorb-

j er assembly. For point focus, a tracking paraboloid concentrator is used. -

This collector normally tracks on two axes.

The first order approximation of collector efficiency (defined as
the energy supplied divided by the incident energy) may be characterized
as a linear function of a collector loss parameter defined as

Temperature of the inlet fluid - Ambient air temperature
Incident radiation

Figure 5-5 illustrates this relationship for typical flat plate collectors.
The most efficient (and the most expensive) have the flattest slope.
Also indicated in Figure 5-5 are the ranges of the collector loss para-
meter expected for the four sites under consideration where the inlet
temperature is assumed to be equal to the product temperature and ranges
between 900F and 1200F. The following notation is used:

P.M. - Portland, Me.

N.Y. - New York City

N.V. - Norfolk, Va.

J.F. - Jacksonville, Fla.

The collector heat loss parameter for the application of residual fuel
oil storage clearly spans the range of efficient operation typical of
flat plate collectors utilizing double-glazing or selective absorber

5-4



HNDTR-8o-52-SP

COLLECTOR TYPE AND NOMENCLATURE MEDIUM TEMPERATURE
RANGE

* Non-focusing Flat Plate Liquid 700F to 180°F
or Air

* Partial Focusing Fiat Plate, Liquid 180°F to 2500F
Evacuated Tube

* Full Focusing
Tracking
Concentrators

Tracking Para-
bolic'Reflector
With Fixed Liquid
Absorber
Tracking Absorb-

Linear Focus er With Fixed
Parabolic Liquid 1800F to 300OF

Fresnel Lens
Tracking Assembly Liquid

Point Focus Tracking Para- Liquid Above 300 0F
boloid Concen-

traters

Figure 5-2. TYPES OF COLLECTORS
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Figure 5-5. COLLECTOR EFFICIENCIES OF VARIOUS LIQUID COLLECTORS
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surfaces. Concentrating collectors are capable of similar efficiency
levels, but only with direct beam radiation and at unacceptable cost and
complexity. Since flat plate collectors can provide the required thermo-
dynamic capability for heating residual oil with commercial technology,
consideration was not given to other collector types in this study.

b. Transport Subsystem

The function of the transport subsystem is to remove the heat from
the collector and to discharge it into the product via the distribution
subsystem. Selection, design, and installation of the transport sub-
system critically affects overall system

* durability

" reliability

" performance

" maintenance

" cost

which must be provided under fail-safe conditions.

The transport subsystem design must meet the design criteria under
three operational environments. These are:

* normal

e power OFF (freezing), and

* power OFF (stagnation).

The operational mode that most fundamentally influences the distribution
system design is that of power interruption under freezing conditions.
Figure 5-6 outlines the most commonly employed methods of freeze pro-
tection and some design considerations of each. In drainback systems,
gravity returns the collector fluid (which is water treated with corro-
sion inhibitors) back to a pump and is shut down normally by a controller
or abnormally by power interruption. Venting and slope of piping are
most important to assure that all of the fluid will drain from the
collectors.

Other systems use antifreeze solutions which are usually water and
ethylene glycol or propylene glycol. Antifreeze decomposes at high
temperature to form corrosive products which can damage the plumbing.
This can occur during power interruption in hot weather. Therefore,
the fluid must be carefully monitored for pH and depletion of corrosion
inhibitors, and a backup emergency generator may be necessary.

S 5-9
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DRAI NDOWN (DRA I NBACK)

9 Slope of lines most important

ANTIFREEZE

* Leaks dilute solution
& Can pollute DHW
* Breaks down into corrosive products at high temperatures

CONTINOUS CYCLING

o Rejects heat
o Not reliable (i.e., power failure)

LOW FREEZING POINT LIQUIDS (Silicon Oil, Hydrocarbon
Oils, Freon, etc.)

o Can pollute DHW
o Lower thermal capacity
o Not locally available
o Relatively expensive

Figure 5-6. METHODS FOR FREEZE PROTECTION
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Cycling of the collector pump is used to prevent freezing in regions
where the ambient temperature seldom gets below the freezing point. This
approach may be suitable in Jacksonville, Florida. For this approach, an
outside thermostat actuates the collector pump to circulate the heat
transfer fluid (which may be water) through the collectors whenever the
outside temperature approaches freezing. However, this is an inefficient
method of freeze protection since the system rejects heat that has been
previously collected, and may not be suitable for extreme colder climates.
Further, failures have been noted for such systems because of power out-
ages during freezing conditions.

Another means of freeze protection is the use of collector fluids
with lower freezing points than that of water, notably silicone oils,
hydrocarbon oils, freon, etc. Such fluids, however, do not have the
thermal capacity (i.e., specific heat) of water, and therefore, require
more flow or a larger volume for collection of an equivalent amount of
energy. These fluids are re~atively expensive and in many regions are
not locally available. Because they are non-corrosive and are relative-
ly stable, they may be selected for their long-term durability and re-2

* duced maintenance costs.

c. Distribution Subsystem

The function of the distribution subsystem is to transfer the ther-
mal energy in the collector to the product to be heated. This can be2
accomplished by direct heating of the product as it circulates through
the collector. It can also be accomplished by an intermediate fluid,
e.g., air or water, that removes heat from the collector and transfers
it by direct contact with the product. An indirect system utilizes aI
heat exchanger as an interface between the collector heat transfer me-
dium and the product. In the selection of a distribution subsystem it is

id important to concentrate on design approaches that utilize, to the max-
imum extent possible, technologies and products familiar to manufacturers
of residual oil storage tanks and ancillary components.

The primary advantage of the direct system is the elimination of
the heat exchanger which can amount to 14 percent of the cost of the
tank alone. Various direct methods that have been identified include:

9 water bed heat exchange - uses technology common with mined
storage systems, permits the use of water as a collector
fluid, must be freeze protected, subject to sludge formation;

* direct pumping- - employs the product as the collector heat
transfer fluid, no freeze protection required, low capital
cost, fouling of collector surfaces can be a problem, high
pumping cost; and

e direct air pumping - uses air as the collector heat transfer
medium, therefore, no freeze protection required, automatic
mixing of the product, possible fouling of collector surfaces,
high pumping costs.

5-11
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Each of these approaches should be studied in greater detail as a viable
low cost alternative to indirect systems.

The indirect system employs some type of heat exchanger interposed
between the heat transfer fluid and the product They are generally
classified as:

* external heat exchangers

* internal heat exchangers

e tank wall heat exchanger

External heat exchangers are favored in the petroleum industry because
leakages are easily repaired. They are somewhat more expensive than
the internal heat exchanger and obviously consume more pumping energy.
The internal heat exchanger is positioned in the bottom of the tank as
indicated in Figure 5-7. Both the external heat exchanger and internal
heat exchangers would be fundamentally similar for a s-Iar heating sys-
tem as for an oil boiler. For solar applications, allowances would have
to be made for use of lower temperature fluid dther than steam. The
tank wall heat exchanger is commonly employed to heat vessels, and the
concept is Pttractive for the current application. Since the oil is
initially loaded hot, the objective of the solar system would be to
replenish heat lost through the walls (and floor and surface) to the
external environment. A tank wall heat exchanger would assure complete
extraction of the stored fluid since the walls are hot, thereby maintain-
ing all the product in a fluid state. The tank wall heat exchanger is
likely to be quite expensive but deserves further consideration because
of these apparent advantages.

Figure 5-8 illustrates an emersion type heat exchanger that has al-
ready been discussed regarding its maintainability advantages. This
type of heat exchanger appears to be easily interfaced with an active
solar system and will be considered as a basis for the designs descrioed
herein.

Figure 5-9 illustrates a mined cavern with a water bed that results
from groundwater seepage. The water bed is kept at a constant level by
an automatically controlled pump. The product floats on the fixed water
bed and is heated by it. Since water is an ideal heat transfer fluid for
active solar systems, adequate freeze protection is necessary. The water
bed is potentially easy to integrate with solar, and it might also be
considered for an aboveground or belowground tank or as means of eliminat-
ing the costly heat exchanger.

5.2 PASSIVE SOLAR SYSTEM

Passive solar systems are charaLtterized by the absence of pumps or

fans for circulating the heat transfer fluid. They can also employ some

5-iz



HNDTR-80-52-SP

S.-

4-r

InL

Ix-

LOJ

C) a)

(LI-

0 %-s

4-U-

0.,

co C)

5-13-



HNDTR-80-52-SP

Shutoff Va-lvesa

E ebolt
HeatTranferE bot -Heat Transfer

0 
Manhole 

& Cover

Source: Product Specifications, Bas-Tex Corporation, 1977
Pendant Tank Heater

Figure 5-8. INTERNAL IMMERSION-TYPE HEAT EXCHANGER
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of the tank's existing structure to perform the collection function and
distribution function (Figure 5-10). Passive concepts may be d;vided
into direct and indirect types, just as with the active systems. As
its name implies, the direct system heats the pc.- Juct by direct irrad-
iation through a "sky-light." In locations wnere this concept is therm-
ally viable (e.g., the net gain of solar radiation through permissible
roof area exceeds the heat loss through the tank envelop) this approach
has enormous cost advantages because it eliminates the necessity of an
expensive heat exchanger.

Indirect systems can employ conventional flat plate collectors to
heat an intermediate fluid, as with active systems. Pumping is accomp-
lished by thermosyphon action resulting from differential elevations
and fluid temperatures. An indirect gain wall is formed by a layer
(or layers) of glazing attached to the tank walls. The solar radiation
is transmitted through the glazing and is absorbed on the tank wall
thereby elevating its temperature. Heat loss from the wails is minimized
because the glazing is opaque to the longwave infrared radiation assoc-
iated with the relatively low tank wall temper.cur.s.

5.3 HEAT PUMP SYSTEMS

The heat pump has the ability to recover low grade heat (on the -

order of 600 F - 100 0 F) and elevate it to higher, usable temperature
levels. They are being applied to i wide variety of applications re-
quiring hot water up to about 2100F and where there is readily available
a source of "free" heat.

The heat pump principle involves the absorption of heat, from the
source, in the evaporator by the unit's working fluid (Figure 5-11).
The fluid is then increased in temperaLure and pressurized by the com-
pressor. It then goes to the condenser where the heat absorbed from
the source and from the work of th' zompressor are transferred to a
delivery fluid or directly to the product.

Sources of energy for a heat pump system may be harbor water, well
water, or the ambient air itself (as is the case for many residential
and small commercial heating/air conditioning systems) (Figure 5-12).
Salt gradient and shallow solar ponds have been used as an energy source
for heat pumps as have coils buried several feet beneath the soil sur-
face (actually a type of solar collector). Perhaps the most attractive

source is the thermal discharge from a nearby plant because it is re-
liable, the capital outlay is potentially less, and the temperature, and
therefore, the performance is higher. Since oil storage facilities
are generally located in or near industrial areas, the potential for a
nearby power plant or industrial discharge is great. Because this
approach is so site specific, it must be considered on a case-by-case

basis.
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Figure 5-10. PASSIVE SOLAR SYSTEMS
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Figure 5-10. PASSIVE SOLAR SYSTEMS (CONTINUED)
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Figure 5-12. HEAT PUMP SYSTEMS
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CHAPTER 6

SOLAR SYSTEM DEFINITION

In this chapter the technical and cost characteristics of selected
system concepts are defined in greater detail as examples of designs
that may be considered for residual oil heating. It must be cautioned
that there are many opportunities that have not been considered for
cost reduction through subsystem selections and tradeoff. These other
considerations should be studies before a committment is made for final
design. Whenever possible, alternative approaches are identified and
discussed.

6.1 ACTIVE SYSTEMS

a. Systems Description

The active systems selected for detailed consideration uses the
closcd-loop transport subsystem employing a non-freezing fluid as the
heat transfer medium (Figure 6-1). This type of system has most fre-
quently been the choice of designers because of its relatively low

li cost and design flexibility. Designs are considered where the collector
is located on the tank roof or on the ground. To avoid fluid deterior-
ation under stagnation conditions, an emergency auxiliary power supply
may be necessary.

Where temperatures are milder, the drainback system is the pre-
ferred choice if the collectors can be roof mounted (Figure 6-2).
Freeze protection is afforded by the draining of collectors into the
drainback reservoir. The collectors must be capable of withstanding
stagnation (no flow) conditions if a power outage occurs during an ex-
treme summer day. High head pumps are required to overcome the large
static head upon startup. Careful design and installation of piping is
required to assure drainage during pump shutdown and complete air purging
on collector startup.

b. Array

Whenever possible, the roof-mounted collector array was chosen as
the preferred collector placement, although at some sites this resulted
in considerable additional cost in tank structure. The advantages of
this arrangement are:

9 collector shading from nearby tanks or other structures is not
a consideration

9 additional valuable land is not required for collector siting

6-1
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o piping runs are minimized

o permits convenient interfacing with immersion type heat
exchanger

* permits use of drainback system

The roof-mounted array does impose additional considerations on tank
design and erection procedures. Some of these will be discussed in
subsequent paragraphs.

(1) Detailed Description: Collector area requirements were
determined in paragraph 7.2b. Figure 6-3 illustrates a view of the
collector field in a location and at a product temperature where the
tank roof area is insufficient for supporting the required number of
collectors (Portland, Me. at a product temperature of 110 0 F). In this
case, some ground mounting is the only feasible alternative for achiev-
ing the desired collector area.

To permit detailing of system design featurc5 and cost, a modular
design concept was developed. Each module ( a -ystem will be comprised
of several modules) is essentially an independent active solar system
containing the collector array, closed-loop transport system controls,
and an immersion type heat exchanger. This modular design facilitates
design, fabrication, and maintenance, while providing redundancy.
Figures 6-4.a and 6-4b illustrate the module for a roof-mounted config--..
uration. Ground-mounted arrays will still employ the immersion type
heat exchanger but longer transport lines to the top of the tank will
be required. Spacing between the collectors is based upon the require-
ment to avoid shadowing between 9:00 a.m. and 3:00 P.m. for Portland,
Me. on December 21 (see paragraph 7.4). Figure 6-4c illustrates place-
ment of modules on the tank roof.

(2) Collector: To aid in the detailed characterization of the
active heating system, the LOF Sunpanel was selected as being repre-
sentative of flat plate cullectorq in which design options were avail-
able to improve performance. F-uture studies should consider other
collectors as well as assure that the maximum in cost effectiveness is
achieved. Figure 6-5 illustrates a cross-section of the double-glazed
version of the LOF collector. The present study considered only the
single-glazed model, without and with selective surface.

The collector design is based upon a heavily ribbed extruded frame
construction. Top and bottom panels are sealed against the elements,
yet can be removed if necessary. Insulated support of absorber plate
and cover plate(s) minimize heat loss through the frame. Three inches
of low binder fiberglass insulation under the au. ption plate and a
special side insulation minimizes heat loss. An all copper fluid pass-
age is soldered to the embossed copper absorber plate. A parallel tube
pattern provides uniform flow through each panel and the panels can be
connected in either series or parallel arrangements. The absorber is -
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South

Figure 6-3. ACTIVE SOLAR COLLECTOR ARRAY

PORTLAND, MAINE

110 0F
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....... ... ..

PupCngc

Exp4a
*t4io

P Solar

Hea Exhage

Figure 6-4a. ACTIVE SYSTEM MODULE
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8 Collectors 8 Collectors

4 GPM GPM

8 GPM

S =25' / 16 GPM 50 Ft

*~ 8GPM

4 G4 CpM

8 Collectors 8 Collectors

50 Ft . ...

Collector Area - 672 ft2

Number of Collectors - 32 (16 collectors per row)

Roof Area - 2500 ft2

Figure 6-4b. PLAN VIEW OF ACTIVE SYSTEM ROOF MODULE
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50'

Ira 50'

Total Collectors 1184

Total Area 24,804. f t2

Figure 6-4c. PLAN VIEW OF ROOF ILLUSTRATING MODULE PLACEMENT
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Table 6-1. LOF COLLECTOR SPECIFICATIONS

SPECIFICATIONS S7E1,0S

COVET? GLASS-- ~
10OF Temp~ered Clear [loot -_

_)'- ! '-frd I~ i-jnn

AB,, 4QBEV PLATE -. A cooer_

ABSGOUBE" PlATE CO-AIINGS-
Non-Selective Block Velvet Point
Selective Block Chromne Plating

HEAT TRANSFER FLUID SYSTEM-Alf Cooper
P RAME and BACK PANEL - Aluminum--
BACK INSULATION -Treated Fiberglass 3

RECOMMENDED FLUID FLOW PATE OS gpm
PRESSURE DROP AT RECOMMENDED FLOW ~0o

(glvcol water) 09s

DESIGN PRESSURE 100 psi
TEST PRESSURE 200pi

BURST PRESSURE 450 psi
NOFLOW PROTECTION REQUIRED None

EFFECTIVE AREA 19 3 so It

MAX(IMUM INTERNAL TEMPERATURE (no-flow) 46 -F

PERFORMANCE TEST SPECIFICATION -
__NBSIR 74-635 ASHRAE 93-77
ENVIRONMENTAL CONDITIONS -

.40*F to + 120*F
MA)OMUM WIND or SNOW LOAD _ 30 lbs SF

FLUID CONNECTIONS -
Brass 450 Flared -Optional
-.-Copper Tube- 0

IN' TALLATION ORIENTATION -Short Side horiz

MINiUM TILT ANGLE Ito allow complete
draining of poriel) -From Horizontal 10,

MAkIMIM TILT ANGLE g00

MOUNTING - 4Point. Penmeter on
Structural Frame

PANEL WEIGHTr 90Ibs

INSTIALLED LOAD-lbs SF 43

>1-PPING WEIGHT 110 Ilbs

Source: "LOF Solar Energy Systems" Libby-Owens Ford Company Glass Div.
UPPER & LOWER ALUMINUM

TEPRDMANIFOLD FRAME

COVER GLASS COPPER 3" BACK COPPER FILUID THERMAL
Availaie in Single ABSORBER INSULATION PASSAGEWAYS ISOLATOR
Glazed (100 Series) PLATE

SIDE
INSULATION A

ALUMINUM
BACK PLATE

SunPanel Collector 200 Series (double glazed)

Figure 6-5. SECTION OF LOF DOUBLE-GLAZED COLLECTOR
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available with either a selective or non-selective coating. The non-
selective is a baked-on black velvet paint with an absorption fec.tor
of 0.97 and an emittance of 0.89. The black chrome selective coating
has an absorption factor of 0.95 and an emittance 3f 0.1.

LOF Float Glass or low iron, high-efficienty glass is available to
meet a wide range of performance requirements. Glass covers are temper-
ed for safety considerations. Tempered glass is impervious to the ultra-
violet rays of the sun, and retains its strength even when exposed to
the high temperatures generated inside the collector. One of two glass
cover plates may be specified. The addition of a second cover plate
creates an air space between the glass, providing thermal insulation
which retains heat in cool ambient conditions. Two layers of glass,
with an air space between them, give superior thermal insulation, re-
taining heat in cool ambient situations. Specifications of the single
glazed version are provided in Table 6-1.

Two versions of the LOF collector were considcred in the present
study. The first was the single-glazed collector ,'itn the flat black
absorber; the second was the single-glazed colleztor with the selective
surface. The following performance and cost factors apply to the col-
lectors.

Model No. FR ( L Cost

120 0.691 1.30 $210 per collector

121 0.71 0.77 $250 per collector

In a separate study, various collectors were examined to determine
the minimum cost collector that would meet space heating load of 205
(106) Btu/yr at a6Birmingham, Alabama site. Table 6-2 presents the cost
of each collector , the values of the performance parameters and the
collector cost to achieve 60 percent sclar heating fraction. This
study is presented only as an indication nf the cost savings potentiaI
achievable through consideration of the various performance and cost
factors associated with the many collectors now on the market. Obvi--
ously other selection critcria must be considered as well as cost and
performance. Some of these are:

9 durability

* maintainability

* installation requirements

6"Solar Products Specifications Guide," Solar Age Magazine Solar

Vision, Inc. Church Hi-i, Harrisville, New Hampshire, 03450.
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p e company stability

* warranties

and so forth.

(3) Mounting: A detailed study was conducted to insure struct-
ural compatibility of the collector mounting system with the tank and to
identify increased tank costs due to roof-mounted arrays. As a basis
for the study it was assumed that the tank is to be fabricated by Chicago
Bridge and Iron Company (CBI) with the following design characteristics:

e Material - ASTM A588, Grade A or B (COR-TEN), Corrosion Resistant
Ft = 70,000 psi Ultimate Tensile

Fy = 50,000 Psi Minimum Yield

E = 30 X 10 6psi Modulus of Elasticity

9 Geometry

Diameter - 375'
Height - 64'

9 Construction (Pertinent to Solar)

Roof Decking - 3/16" plate
Roof Support - Beam/Column
Intermediate Purlin Spacing - 7' sq

Structural analyses to determine incremental costs due to solar requires
a detailed computer model of the tank roof and support structure. As a
courtesy, these analyses were conducted by CBI using values of applied
dead loads and wind loads provided by the Alabama Solar Energy Center.

The tilt angle required in Portland, Me. results in the largest
panel support structure. Since Portland also required the greatest
spacing between arrays (to preclude shadowing), New York represented
the greatest panel density, and, therefore, load to be supported by the
tank roof. Table 6-3 presents the collector quantities and row spacing
required (or permitted) for each site.

Table 6-3. COLLECTORS REQUIRED (T-120 0F)

Location Tank Roof-Mounted Ground-Mounted Row Spacing

Portland, Me. 1463 660 20'
New York, N.Y. 1560 0 W4
Norfolk, Va. 1248 0 12'
Jackvonville, Fl. 1025 0 7'
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The number of rows required to cover one-half the roof structure area
dictates the dead load criteria for the entire roof/support structure
at all locations. This loading method can be refined in final dsign
after cost-effective tradeoffs are made for geographical 1o dtions ver-
sus design commonality and fabrication cost savings.

The large quantity of panels required for installation indicates
array subassembly at the manufacturer's plant or the frame fabricator's
plant. If a support frame is designed to contain panels in modules of
four each, cost savings will result in:

* frame fabrication

* panel/module shipping

e site erection

The optimum module size is four panels; i.e., 1100 lbs pe,- module and
12 feet long. This module length will assist and acce,,,odate the curved
surface thus simplifying design, fabrication, -.;! ii,.tallation.

Support frames will be welded COR-TEN, equal leg angles. Figure 6-6
illustrates the mounting structure designed to the above criteria. Table
6-4 summar!zes the loads for each site and the incremented cost of the
tank associated with additional roof support structure.

Table 6-4. IMPOSED ROOF LOAD AND INCREASED TANK COST

Dead Load + Tank Cost
Location Live Load Increased

Portland, Maine 50 psf $312,500
New York, New York 50 psf $312,500
Norfolk, Virginia 25 psf 0
Jacksonville, Florida 25 psf 0

Design of the panel supr-ort structure was based on the following
design criteria.

* Dead Load - Panel weight of 90 lbs

* Live Load - Snow weights can be disregarded on the panels due to
the tilt angle a 

= 40 °

9 Wind Load - Will dictate siring of the panel support structure

6-14
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Secondary Structure
(7.03' each)

12.7'

Primary Structure

Total Weight (including panels) = 328,350

Applied Dead Load - 6 psf

Figure 6-6. COLLECTOR SUPPORT STRUCTURE

6-15

. . . . .. . . . .. . . . . . . . . ill I I n . . . . . . . . h . ..



HNDTR-80-52-SP

The wind load analysis is based on wind direction and speed as indica*ed
below:

MAINE NEW YORK VIRG IN'.% FLORIDAWI II LLWl- W]
SOUTH

h=O =6 mph v = 99 mph v = 80 mph v = 76 mph
h=64' v=80 mph v = 104 mph v = 84 mph v = 80 mph

The New York location will impose the design criteria since it has the
highest wind velocity (v=10 4 mph).

The assumption of a frame fabricated from 2" X 2" X I" anges is most
adequate. Maximum weight of panel support structure is 185 lbs/panel.

Table 6-5 presents a cost summary of the panel support structure
and Table 6-6 summarizes the resulting frame cost. These costs do not
include engineering design.

Table 6-5. SUMMARY OF FRAME COST

Location Support Weight Cost Net Cost/Panel

Maine 185 lbs. $1.50/lb $278.00
New York 185 lbs. $1.35/lb $250.00
Virginia 185 lbs. $1.20/lb $220.00
Florida 185 lbs. $1.03/lb $200.00

Table 6-6. COST SUMMARY OF PANEL SUPPORT STRUCTURE

Location Material Cost Fabrication Cost Erection Cost Total Cost

Maine 50/lb 80€/Ib 204/lb $1.50/lb
New York 504/lb 70¢/lb 15/Ib $1.35/lb
Virginia 50€/lb 60¢/Ib I0€/Ib $1.20/lb
Florida 50€/Ib 50€/Ib 8/Ib $1.08/lb

The roof-mounted support structure will be used as a design basis
for the ground-mounted array structure. The slight advantage in reduced
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wind loads aL t-ound level could be considered during final design, but
were not considered in this preliminary study.

Soil conditiK at The four geographical locations are unknown, which
affects pier compre .ion settlement) and surface erosion. However, the
most significant tour, ion design parameter is pier lift loads. This
load will establish a ,,rervctive cost estimate for foundations. A
perimeter pad is recommenc i to eliminate erosion problems. Figure 6-7
illustrates a cross-section f the ground-mounted support structure and
Table 6-7 provides a cost sum: ry.

Table 6-7. COST SUMMARY OF ;,"]'ND-MOUNTED SUPPORTS

Fo, idation Foundation Total
Location Panel Support Cost Material Cost Labor Cost Cost/Panel

Maine $278.00 $9.50 $2.00 $289.50
New York $250.00 $9.50 $2.00 $261.50
Virginia $222.00 $9.50 $2.00 $233.50
Florida $200.00 $9.50 $2.00 $211.50

c. Transport System

Heat Transfer Fluid: The choice of heat transfer fluid is critical
to the cost, performance, and durability of an active solar system.
Table 6-8 presents some of the desired properties for solar applications;
Table 6-9 lists some potential candidates; and Table 6-10 summarizes some
of the features of each. A detailed discussion of heat transfer fluids
is beyond the scope of this section, but a discussion is presented in the
Appendix for further review.

Table 6-8. DESIRED PROPERTIES

High Heat Capacity Stable at Temperature = 350°F
Low Viscosity Inexpensive
High Surface Tension Non-toxic
Low Freezing Point High Flash Point
Low Vapor Pressure Dielectric
Non-corrosive Non-scaling
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2' TYP @
12' per module

"Anchor bol ts
typical 4 places --

Figure 6-7. TYPICAL GROUND-MOUNTED COLLECTOR SUPPORT

6-18



HNDTR-80-52-SP

Table 6-9. HEAT TRANSFER FLUIDS

Water Petroleum Oils
Ethylern Glycol Silicone Fluids
Propylene Glycols Proprietory Fluids
Other Glycois Fluoridated Hydrocarbons

For the present study, ft:.ylene glycol/water solutions were select-
ed as the heat transfer fluid bec,ise of their wide use in flat plate
collectors. These common, colorless, odorless antifreeze solutions are
also used in many other application-. Ethylene glycol is relatively
inexpensive and available from many manufacturers. With corrosion in-
hibitors, aqueous ethylene glycol solutions can reduce the corrosive
action and freezing temperature of water. These solutions are usually
available in a wide range of concentrations and inhibitor levels. The
thermal properties of the solutions (heat capacity, thermal conductivity,
and viscosity) are poorer than those of water. Table 6-11 illustrates
the increased flow rate - specific heat proauct as water. Table 6-12
illustrates the additional pressure drop resulting from the increased
flow rate and viscosity.

Table 6-10. HEAT TRANSFER FLUIDS SUMMARY

Disadvantages Advantages

Water
* Freezes * Excellent H.T. Medium
* Requires Corrosion Inhibitors * Cheap
a Low Boiling Point * Non-toxic

Glycol
* Forms Acid * Good H.T. Medium
* Requires Corrosion Inhibitors * Relatively Inexpensive
9 Requires Periodic Maintenance
* Toxic
* Asphalt Solvent
* Low Boiling Point

Hydrocarbon Oils
* Flammable e High Boiling Point
* Poor H.T. Fluid * Low Toxicity
* Relatively Inexpensive

Silicone Oils
* Poor H.T. Fluid * Stable
* High Cost * Non-corrosive
* Low Surface Tension * Low Toxicity
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.1

Table 6-11. INCREASED FLOW REQUIREMENT FOR SAME HEAT CONVEYANCE WITH

50% GLYCOL AS COMPARED WITH WATER

Flow Increase Needed for
Fluid Temp. 50% Glycol as Compared

OF with Water

40 1.22

100 1.16

140 1.15

180 1.14

220 1.14

Source: "Solar Heating Systems Design Manual", ITT Fluid Handling
Division, Bulletin TESE-576, Figure 4B, page 4-22.

Table 6-12. PRESSURE DROP CORRECTION FACTORS;

50% GLYCOL SOLUTION COMPARED WITH WATER

Pressure Drop Combined Pressure Drop
Fluid Correction Correction; 50% Glycol

Temperature Flow Rates Flow Increased
OF Equal

40 1.45 2.14

100 1.1 1.49

140 1.0 1.32

180 .94 1.23

220 .9 1.18

Source: "Solar Heating Systems Design Manual", ITT Fluid Handling
Division, Bulletin TESE-576, Figure 4-C, page 4-23.
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The boiling and flash points of aqueous ethylene glycol mixtures
are low and can be easily reached under zero flow conditions. Glycols
can oxidize to or anic acids (such as glycolic acids) when exposed to
air near boiling tumperatures. The inhibitors used are designed to
neutralize these ext-emely corrosive acids. Periodic maintenance and
addition of inhibitor. must be done if these fluids are used. Many
manufacturers provide a cn'-mical analysis service to assure proper chem-
ical balance. Another major drawback to the use of ethylene glycol is
its high toxicity. Most plum ing codes require that ethylene glycol
solutions be separated from poLi&1e water by double-walled heat exchang-
ers. For the present applicatiooi, txicity will be a consideration only
if the system is to be dumped to perfo-m maintenance or if the glycol has
undergone unacceptable deterioration due to excessive temperatures under
no-flow conditions.

d. Active System Cost

Aboveground Storage: Detailed capital costs were estimated for the
above active system for collector locations on the tank roof and on the
ground. Collector areas were taken to be thu.-e resulting from the trans-
ient analysis. The following assumptions were applied:

* labor costs were determined from Means
7

* factors were used to account for various labor rates between

I - sites

e a 5% project management fee

* a I% design and engineering fee

* 10% escalation

Operation, maintenance, and replacement costs were not estimated. For
the contractor markups the following assumptions were used:

" supervision 10

" sales tax 4

" payroll 17

" overhead 10t (electrical) and 15% (mechanical)

" profit 101

7 "Mechanical and Electrical Cost Data 1979," Robert Snow Means
Co., Inc.
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Table 6-13 presents the complete capital cost per tank (1.25 MMB
capacity) of the active heating system for roof-mounted arrays. Note
that "system" includes insulation and heat exchanger. Table 6-!4 pre-
sents the capital cost for arrays mounted on the ground. These numbers
do not include the cost of additional land for 'Eing the collectors and
providing sufficient clearance between tanks to provide access to the sun.
As a point of reference, the tank alone is estimated to cost about $5/bbl
or about $6.25 million each. A complete steam heating plant, including
pumps, distribution, and heat exchangers would cost approximately $6.70
per bbl, or $8.375 million for each 1.25 MMB tank.

Table 6-13. TOTAL SYSTEM COST FOR ABOVEGROUND STORAGE* (MM4 PER TANK)
- Roof-Mounted Systems -

Location Product Temperature, *F
90 1O0 110 120

Portland, Maine 2.214 3.408 3.996 4.491
New York, New York 2.059 2.372 2.724 4.066
Norfolk, Virginia 1.324 1.540 1.778 2.062
Jacksonville, Florida 1.130 1.403 1.626 1.886

* Includes heat exchanger and tank insulation costs

Table 6-14. TOTAL SYSTEM COST FOR ABOVEGROUND STORAGE* (MM$ PER TANK)
- Ground-Mounted Systems -

Location Product Temperature, 'F
90 100 110 120

Portland, Maine 2.357 2.868 3.414 4.367
New York, New York 2.049 2.500 3.009 3.984
Norfolk, Virginia 1.553 1.865 2.210 2.619
Jacksonville, Florida 1.272 1.668 1.990 2.365

* Includes heat exchanger and tank insulation costs.

7Based on a 10 MMB farm, 800,OO0-bbl tank capacity. Personal
Communications with Corps of Engineers, Huntsville Division
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Since there is no additional cost of tank structure for roof-mount-
ed arrays in Jacksonville and Norfolk, this approach has a definite ad-
vantage over ground-mounted arrays with the longer pipe runs. The
opposite was true for New York 3nd Portland because the additional tank
costs at these sites overrode the cost of additional piping. The cost
of land was not taken into account when estimating the costs of the
ground-mounted system.

Table 6-15 illustrates costs of active solar systems for heating
belowground cut-and-cover tanks of 1.25 MMB capacity. There is a defi-
nite capital cost advantage over aboveground storage, particularly at
the northernmost locations. As a point of reference the cost 7of the
conventional oil-fired system is S4.50 million for each tank.

Table 6-15. TOTAL SYSTEM COST FOR BELOWGROUND CUT-AND-COVER
STORAGE* (MM$ PER TANK)

Product Temperature, *F
Location 90 100 110 120

Portland, Maine 1.595 2.223 2.578 2.983
New York, New York 1.691 1.983 2.314 2.691
Norfolk, Virginia 1.428 1.568 1.791 2.061
Jacksonville, Florida 1.250 1.435 1.650 1.894

* Includes heat exchanger and insulation costs.

6.2 PASSIVE SYSTEMS

Passive syste-f Pre attractive solar heating concepts for long-term
residual oil s'oraqe because the heat exchanger common to all other sys-
tems can be eliminated in many instances. In this section the passive
concept found to have the greatest potential will be defined further.

a. System Description

The direct gain roof system is illustrated in Figure 6-8. The con-
cept basically consists of a roof which is transparent to solar radiation.
The radiation transmitted through this roof is intercepted by the top
surface of the product and is consequently heated. Because the hotter,
lighter fluid is located at the top of the mass, convective currents will
not develop and a stirer may be required to assure uniformity of temp-
erature. Since the heat lost from the product must be balanced by the
net solar gain, the roof collector area is a strong function of local
climatic conditions Ihe method of analysis used to size the collector
area, and collector area requirements for each site, is outlined in
Section 7.2b.

71bid
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Figure 6-8. Passive Solar System
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b. Collector Details

A number of products are being manufactured for the building
industry which are potentially suitable for the present application.
For this preliminary study a double-skinned acrylic sheet product of
the CY/RO Industries was selected. The company also makes a similar
sheet Formed of polycarbonate which is stronger, but also more expensive
and with a lower solar transmittance.

Figure 6-9 illustrates a cross-section of the EXOLITE sheet. It is
a double layer, high light-transmitting glazing material with outstanding
weatherability and excellent insulating characteristics. The product is
designed for both sloped and vertical glazing in skylights, swimming pool
enclosures, and industrial applications. The company also produces a
line of extruded aluminum mullions which facilitates installation and
provides extreme durability. Specifications are presented in Table 6-16.

EXOLITE sheet is produced from an acrylic molding compound which is
a combustible thermoplastic. For this reason it would be unacceptable
as a fuel oil tank material. Detailed studies were conducted using the
material to indicate the potential for passive heating.

c. Structural Considerations

Figure 6-10 illustrates the EXOLITE panel mounting technique. The
most important consideration in supporting the EXOLITE panels is the
relatively small center spacing required. This will require additional
purlins beyond that normally required for the 3/16" steel decking the
panels will replace. Figure 6-11 illustrates the purlin spacing normally!
used in tank construction (solid lines) and those that must be added to
support the flexible EXOLITE sheet (dashed lines).

In addition to purlins to support the dead load, wind forces will
create an uplift of 35 psf requiring a hold down strap across the panel
at a 56" spacing. Table 6-17 presents a summary of weights as impacted
by the solar roof. The cost summary is shown in Table 6-18.
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Figure 6-9. CROSS-SECTION OF EXOLITE ACRYLIC SHEET -
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Table 6-16. SPECIFICATIONS OF EXOLITE ACRYLIC SHEET

PHYSICAL PROPERTIES
Sheet thickness . ............ 0.63 in. ± 0.04 in (16.0 mm 7 1.0 mm)

W idth of Sheet . . .. ... ..... .... ....... 47.25 in. -r 0.16 in. (1200 mm - 4 mm)

Lengths ... ... . .... ....... ..... .. .......... 8, 10, 12 and 16 feet (2.4, 3.0, 3.6, 4.8 m )
other lengths available on request

Skin thickness approx .......... .. ... .......... ................. 0.07 in. (1.5 m m )

R ib thickness approx ............... ...................... ........ 0.04 in (1.0 m m )

Distance between ribs approx ............... .. . . ................. 0.63 in. (16.0 m m )

W eight per unit area approx ......................................... 1 lb sq. ft. (4.8 kg m ')

Heat transfer coefficient'(U) summer conditions ............. 0.55 BTU hr./sq. ft./"F. (3.2 W rn2/"C)

winter conditions ............... 0.58 BTU/hr.'sq. ft./IF (3.3 W 'm2/C.)

Coefficient of linear thermal expansion ...................... 40 x 10 6,'F. (70 x 10 6/°C.)

Maximum service temperature without load .................. 1601F. (71 'C.)

Clear

Light Transmittance (ASTM D 1003) ........... 831o
Solar Transmssion (ASTM E 424 -Method A) . 830.
Shading Coefficient (ASHRAE Handbook) ..... 0.97

Average sound reduction .. 23 dB

MECHANICAL PROPERTIES

Maximum bending moment relative to unit length
Support perpendicular to ribs . .. ... . . .. 290 ft. lbs.,ft (1300 Nmrn,)

Support parallel to ribs (supports spaced 45 in (Equa]..t... 34..1. PS.F) ..120 ft. Ibs.,ft. (550 Nm m)

Permissible bending moment relative to unit length

Support perpendicular to ribs-roof glazing . .... ...... ...... .31 ft. lbs.,ft. (140 Nm m)

vertical glazing . .. .... ........ .. 62 ft. lbs.,ft. (280 Nmim )

Support parallel to ribs roof glazing .... ... ... ................ 13 ft. Ibs.tft. (60 Nm m)

vertical glazing . _ _ ........... .26 ft. Ibs./ft. (120 Nm /m )
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Figure 6-10. EXOLITE PANEL MOUNTING METHOD
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Table 6-17. SUMMARY OF NET WEIGHT DIFFERENTIALS

Weight Summary psf

Remove Deck - 0.77
Add Purlins + 1.10
Add Straps + 0.92

Net Weight psf + 1.25

Table 6-18. COST SUMMARY OF PASSIVE SOLAR SYSTEM

Location Weight Cost Net Cost
psf $/Ib $/ft 2

Maine 1.25 1.50 1.88
New York 1.25 1.35 1.69
Virginia 1.25 1.20 1.50
Florida 1.25 1.08 1.35

d. Passive System Cost

Passive system capital costs were determined in some detail. Table
6-19 presents the results-for the four sites and product temperatures
considered. These costs are based on collector areas resulting from
the transient analysis.

Table 6-19. DIREUT GAIN SYSTEM COST* (MM$ PER TANK)

Product Temperature, OF

Location 90 100 110 120

Portland, Maine 1.473 NF** NF NF
New York, New York 1.O61 1.367 NF NF
Norfolk, Virginia 0.950 1.068 1.447 NF
Jacksonville, Florida 0.878 0.939 1.032 1.205

* Includes cost of tank insulation

** Not feasible
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The passive system obviously has a cost advantage over the active system

in those instances in which it is thermodynamically viable.

6.3 HEAT PUMP SYSTEM

Only a cursory examination was given to detailing the heat pump de-
sign. Of the three solar heating concepts examined, the heat pump is the
only one that has the potential for heating upon demand when the with-
drawal of the product is required. in this sense it is quite similar to
a conventional boiler heating system.

a. Heat Pump Schematic

Figure 6-12 illustrates a schematic of the heat pump system. It
essentially produces heated water (or some other heat transfer fluid)
just as an active solar system does. Since it is impractical to main-
tain the product contInuously, the heat pump would be utilized only when
product extraction is required. Since the specific heat pump unit con-
sidered for this study does not have adequate capacity to provide the
energy rate necessary for extraction, a multiplicity of units will be
required. These are shown in Section 7.2.

b. Heat Pump Performance.

To evaluate the feasibility of heat pumps for heating residual oil,
the characteristics of the Westinghouse Templifier were chosen as typical
of those suitable for this application. The Templifier is an ind'istrial
heat pump capable of generating process heat up to 230*F using single-
and two-stage centrifugal compressors. These systems are derived from
those typically employed for air-conditioning large commercial, institu-
tional, and industrial buildings. Sullair and Dunham-Bush have used the
helical rotary screw compressor as the basic elements in waste heat re-
covery heat pump systems. These systems are primarily industrial refrig-
eration and air-conditioning applications and are noted for their long
life and linear capacity feature.

Figure 6-13 illustrates the heating capacity of the TEMPLIFIER Model
TPB-060A as a function of the leaving source water temperature and the
leaving hot water temperature. The Coefficient of Performance, defined
as

energy in the leaving hot water
energy required to operate compressor

is presented in Figure 6-14. Finally, the compressor power required to
produce hot water is shown in Figure 6-15.
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c. Heat Pump Costs

A detailed costing of the heat pump system was beyond the scope of
this study; however, approximate values of installed cost are available.
These are presented in Table 6-20 for various product extraction temper-
atures.

Table 6-20. HEAT PUMiP INSTALLED COST PER TANK (1.25 MMB)

Product Temperature, OF
Extracted Time 90 100 110 120

45 days $300,000 $400,000 $600,000 $850,000
60 days $200,000 $350,000 $500,000 $650,000

To these costs must be added the costs of the water lines to the dis-
charge of the power plant condenser, distribution system, heat exchangers,
etc.

Tank insulation will not be required as with the continuous heating-
solar concepts.
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Figure 6-12. HEAT PUMP SYSTEM
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Figure 6-14. TEMPLIFIER HEAT PUMP PERFORMANCE-
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CHAPTER 7

SYSTEMS ANALYSIS

In this section, the important system technical and economic criter-
ia will be defined and the methodology and analytical techniques employed
will be described. The section first treats the all important thermal
characteristics of the various storage systems considered in this study.
Performance analysis were then conducted to identify system sizing
criteria.

7.1 CONTAINER THERMAL CHARACTERiSTICS

Because solar is best suited to maintaining a relatively stable tem-
perature over the long period, the tank thermal characteristics, along
with the environmental temperature, establish the heat loss and conse-
quently, the solar collector size. The thermal characteristics of the
three types of storage will be treated in the subsequent paragraphs.

a. Aboveground Storage Thermal Characteristics.

(1) Physical Characteristics: The aboveground storage tanks
considered in this study are 375 ft. in diameter and 64 ft. high and
contain 1,250,000 barrels of stored products. Figure 7-1 shows a typi-
cal tank along with the surface area of the walls, roof, and bottom. The
tanks have a fixed, very slightly pitched conical roof which will shed
water but will not seriously affect the design or installation of a solar
heating system or of insulation.

(2) Seasonal Heat Loss: For a product storage at temperature
above the ambient air temperature, the exposed surfaces of the tank walls,
roof, and bottom constantly lose heat to the surroundings. The walls and
roof lose heat directly to the ambient air. The tank bottom loses heat
indirectly to the ambient air through the soil at the tank edges and to
the deep ground at the center of the tank bottom. Figure 7-2 shows the
temperature and heat losses from the various parts of the tank. The
total heat loss QT from the tank is the sum of the heat losses from the
exposed tank parts.

On an annual basis, the product is stored at an average temperature
(_T) and an average annual ambient air temperature of Ta giving an annual
average temperature difference (T-T)that produces the heat losses
from the tank to the air.

The tank bottom loses heat to the ambient air through the soil at
the edges, QE, and to the deep ground from the center of the tank bottom.
The average annual deep ground temperature is equal to the average
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64 ft

SURFACE AREA

Top 110,447 f, 9

Bottom 110,447 ft
2

Walls 75,398 ft2

Total Top & Walls 185,845 ft2

Total Top & Walls & Bottom 296,292 ft2

Volume 52,880,072 gal
11 1,259,054 bbl

Perimeter 1,178 ft

Figure 7-1. STORAGE TANK PHYSICAL CHARACTERISTICS
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Figure 7-2. TANK HEAT LOSS
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annual air temperature; so the annual heat loss from all elements of
the tank are based on a heat sink whose temperature is equal to the
average annual air temperature Ta.

The heat losses from an uninsulated tank can be calculated using
Equation 7-1. Without insulation there is little resistance to heat
flow and the heat transfer coefficients U will be due to the surface
convection heat transfer resistance on the inside and outside of the
tank. The heat transfer coefficients for an uninsulated tank are given
in Table 7-1. The daily total overall heat loss coefficient is given
by

DAILY TOTAL UoAo = 403,410 Btu-): 24 hr 9.682 X 106 Btu (7-1)
dayy 0

DALYTTA UA =1.3IiOhr
0F day TF

The average daily heat loss is given by the product of the overall heat
loss coefficient and the temperature difference.

QDAILY = U0A0  ("f - Ta) Btu/day (7-2)

= 9.682 X 106 Btu (T - T Btu/day

Then for a specific average product temperature T and ambient air tempera-
ture Ta at a particular location, the average heat losses can be calcu-
lated using Equation 7-2.

* When insulation is added to the tanks roof and walls, the resistance
to heat transfer increases and that surfaces heat transfer coefficient, U,
i% decresed, and the overall heat loss coefficient decreases. Table 7-2
gives the overall heat loss coefficients, UA, for the various exposed
tank surfaces for polyurethane foam insulation at thicknesses from
0 to 3 inches. Due to the ease of installing the foam insulation and

Table 7-I. UNINSULATED TANK HEAT LOSS COEFFICIENTS

Tank Variable Heat Transfer Area Overall Heat Transfer

Surface Coefficient 2 Coefficient
Btu/hr ft2 0F ft Btu/hr *F

Walls UW 3.39 75,398 255,599

Roof UR 1.30 110,447 143,544

Perimeter F 0.81 1,178 954

Bottom UB  0.03 110,447 3,313

TOTAL UoA o  403,410
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low cost estimates, polyurethane foam seems to be the preferred insula-
tion for these large storage tanks. It is considered as the Insulating
material throughout this study. The overall tank heat loss Is shown in
Figure 7-3 along with the approximate cost of the insulation. TeAIes
7-3a, b, c, and d provide values of the seasonal heat load for the
various sites and product temperatures under consideration.

The evolution of an optimum solar energy system involves simultane-
ously optimizing the collector size along with the tank insulation thick-
ness. Figure 7-4 illustrates the cost of the solar system alone (assum-
ing $25/ft2 system cost), the insulation cost and the sum of the two
costs. The optimum balance between collector cost and insulation cost
is achieved if the total cost is a minimum. This generally occurs at
all the locations considered when about 3 inches of insulation is used
at a product temperature of 120 0 F, and 2 inches at a temperature of 900 F.
Considerating all the sites, the optimum insulation thickness of 3 inches
was used as a basis for studies conducted in this report.

QT = UA (T - Ta Q R + QW + QE + Q8

= RAR(T -Ta) + UwAw(T - T) + F re (T - Ta)

+ UBAB(T- Tg)

= URAR + UwAW + F PE + UBAB X (:F Ta)

where:

QT = Total Average Tank Heat Loss (Btu/hr)

T = Average Annual Temperature (OF)

T = Average Annual Ambient Air Temperature (OF)

T = Average Annual Ground Temperature = T (OF)
g a

UR = Roof Heat Loss Coefficient (Btu/hr ft20 F)

UW = Wall Heat Loss Coefficient (Btu/hr ft2oF)

AR = Roof Surface Area = 2/ (ft )

2AW = Wall Surface Area - rDH (ft

Pe = Tank Bottom Edge Perimeter Length - wD (ft)

F = Perimeter Heat Loss Coefficient (Btu/ft hr F)

QR = Roof Total Heat Loss (Btu/hr) QE = Edge Heat Loss (Btu/hr)

Q/ = Wall Total Heat Loss (Btu/hr) QB = Bottom Heat Loss (Btu/hr)

AB = Bottom Surface Area = iTD2/4 (ft2)

U8 = Bottom Heat Loss Coefficient (Btu/hr ft2oF)
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b. Belowground Storage Thermal Characteristics

When a tank is installed below ground, the heat loss from the tank
flows to the surrounding earth which is a very large heat sink Lhat
changes temperature very slowly. The earth also acts as an insulator
(near the tank) as well as a thermal storage me"uin. Due to the trans-
ient nature of the heat flows from the tank Lo the earth, and the three
dimensional aspects of the tank's shape, the heat losses are difficult
to calculate with simple steady-state heat transfer relationships. For
these reasons several heat loss calculations methods for underground
heated tanks were reviewed.

For applicability to the present problem the heat losses were found
to be strongly affected by tank depth, tank radius, thermal resistance
of tank insulation, thermal capacity of the earth, levation of the water
table, and ground surface heat transfer coefficient.0  Also it was found
that an overall heat transfer coefficient can be developed for a partic-
ular tank shape and soil conditions using a computer modeling technique.9

These methods were validated using an underground storagc tank for heating
and cooling a house. 10 Because these methods require site specific data
which were not available, and require consider '!o computer calculations,
a complete transient analysis was not undert'-:;i in this study. Instead
an example of a very large underground heat storage tank wai found for
which a transient analysis had previously been performed.' Therefore,
the insulation thickness and location and depth of fill used in this
analysis were assumed for the underground tank cases. A heat loss co-
efficient, V, was found to be approximately 0.66 Btu/day ft2OF and was
assumed to approximate that of the 1,250,000-barrel storage tank. Figure 7-5
shows the heat losses in the underground tank, along with the thermal con-
ductivity and thickness of the insulation used in this study. The heat
losses from the belowground tank are given in Equation 7-3.

8"A Design Method to Determine the Optimal Distribution and Amount
of Insulation for Inground Heat Storage Tanks;" G.T. Williams, C.R. Att-
water, F.C. Hooper; Dept. of Mechanical Engineering, University of Toronto

9"A Design Method for Heat Loss Calculation For Inground Heat Storage
Tanks," F.C. Hooper and C.R. Attwater; Dept. of Mechanical Engineering,
University of Toronto.

10"Annual Cycle Storage for Building Heating," F.C. Hooper
1 1"Solar Space Heating Systems Using Annual Heat Storage, Progress

Report," Jan. 1-Sept. 30, 1978; F.C. Hooper, C.R. Attwater, A.P. Brunger,
et.al.,Department of Mechanical Engineering, University of Toronto.
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- QTop
I Tamb

3.5"1 K =0.15/I

Kt
Figure 7-5. BELOWGROUND TANK HEAT LOSSES

Overall Heat Loss = Q = U TANKTamb) X 365 day/yr X 24 hr/day

U = overall tank heat loss coefficient (Btu/day ft2°F)
A = tank outside surface area (ft

2 )
TANK = annual average tank temperature (OF)

T ANK = annual average ambient air temperature (OF)

for insulation shown above

U : 0.66 Btu/day ft2oF

A=to p +Asides +Abottom

222
= 110,447 ft + 75,398 ft2 + 110,447 ft2

= 296,292 ft
2 " 300,000 ft

2

Q = (0.66 Btu/hr ft 2F) (300,000 ft ) (T-TANK - Ta) X 365 day/yr
TAK amb

Qannual = 72.7 X (TTANK - Tb) Btu/yr} (7-3)

On a long-term basis the average annual deep ground temperature is
equal to the average annual air temperature. So, as in the case of the
aboveground tank, the temperature difference driving heat flowis the ave-
rage product temperature T minus the average air temperature Ta , For
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each location and product temperature Table 7-4 gives the annual heat
load for a 1,250,000-barrel belowground tank.

c. Mine Thermal Characteristics

In a mined cavern, heat is lost from the s't rage to the surrounding
rock, and through the leakage water that ia continually pumped out of
the mine. The magnitude of the heat losses is strongly dependent on
the rate of water leakage into the cavern. For the purpose of this
evaluation, heat losses from mined storage were based on a review of 75

existing operating mined storage containers12 storing viscous fuel
oils at temperatures between 120F and 140*F. The average long-
term heat losses resulting from conduction, water leakage and vent-
ilation, and equipment are listed in Table 7-5 along with range of val-
ues found.

Table 7-4. BELOWGROUND TANK HEAT LOSS (XIO 6 Btu/yr.)

AVG. ANNUAL
TEMPERATURE Tank Bulk Temperature Annual Average

LOCATION TAMB (0F) 900F 100 F 110 F 120 F

Portland, Me. 45.03 3269 3996 4723 5450
New York, N.Y. 54.75 2563 3290 4017 4744
Norfolk, Va. 59.92 2187 2914 3641 4368
Jacksonville, Fl. 65.59 1774.6 2502 3229 3956

Table 7-5. MINED STORAGE HEAT LOSSES
(Btu/barrel/year)

Ranye Average

Conduction 5,200 5,200
Water Leakage 2,000-10,000 6,000
Ventilation, Piping & Equip. 500-1,000 750

TOTAL 11,950 Btu/bbl/yr

For a 1,250,000-barrel storage facility the annual heat losses are:

Q = 1,250,000 bbl X 11,950 Btu/bbl/yr = 14938 X 10 Btu/yr

12"Management and Operating Cost of Underground Oil Storage," P.
Nissiner, Rintekno, OY, Finland.
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HEAT CONSUMPTION
(%OF HEAT LOSSES)

300

MAX

MIN
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TIME

; L; 2 3 [ER
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HEATING OF BEDROCK. STATIONARY CASE

Figure 7-6. HEAT CONSUMPTION OF HEAVY FUEL OIL ROCK STORAGE

A storage cavern to store a heated product requires a signif-

icant warm up of the rock before the product is loaded. This warm-up

energy requirement is estimated to be 20,000 - 30,000 Btu/b rrel. A

1,250,000-barrel storage would require 25,000 - 37,500 X 100 Btu to pre-

heat the cavern. The initial mine preheating and long-term heat losses

are shown in Figure 7-6.
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7.2 SYSTEM PERFORMANCE ANALYSES

In this section the results of the performance analyses, in te;,ns
of system size, will be provided. These results are preceded by a
description of the analysis methods used.

a. Description of Analysis Methods

To analyze solar collector area requirements, two methods were
employed. The first, a steady-state analysis was used to explicitly
relate collector area to the long-term average temperature of the fluid.
This approach facilitated rapid determination of a wide variety of de-
sign parameters. The second, a transient analysis, was developed primar-
ily to determine the annual swings in average product temperature. Re-
fined values of collector area were determined by trial-and-error, using
successive choices of collector area as an independent parameter.

Steady-State Procedure: A heat balance on the storage tank re-
sults in the following relationship.

dT

qn - qout = m C - (7-4)in out:

where

qin- heat into product

q - storage tank heat loss #

m - mass of product stored

c - specific heat of product
p
T - bulk temperature of product

t - time

and it is implicitly assumed th't the product is well stirred so that
its temperature is relitively uniform.

Now if heat is supplied by a solar collector, then

qin A In (7-5)

where

A - collector
c
I - total insolation incident on collector

ii - collector efficiency
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Equation 7-4 becomes

A Iri-q mc dt(-
c out p dt (7-6)

which must be solved to determine variations of bulk temperature with
time. For a first order evaluation of solar feasibility, this varia-
tion is assumed negligible over the long term. Thus on an annual basis

12 A Tn - 365 X 24q = 0 (7-7)c out

where the () indicates annual averages.

Therefore,
365 X 24 q-

A = out (7-8)
c 12Tq

or
Qout (7-)

Ac 12
o.95 -(K nr

n=l

where
Qu - heat loss per year
Qout
(I) - energy incident per month, n, perunit collector area

and the 0.95 factor accounts for heat loss in the piping, etc.

Solar radiation, I, has been presented in Chapter 3 for the four
sites under consideration. Collector efficiency was calculated by a
technique developed at NASA's Marshall Space Flight Center. Their re-
lationship for efficiency is

T-T
= F R(ra) - FRU L 0.7 Iam CF (7-10)

m

where

FR(T), FRUL = collector efficiency parameters

maximum clIar day radiation,

Btu/day ft

CF = clearness factor from Figure 3-13

where the average ambient temperature, T m is the average of the normal
maximum and normal minimum temperatures rom Chapter 3.

7-17



HNDTR-80-52-SP

Transient Procedure: For the transient analysis, the basic heat
balance Equation 7-4 was written as

mc dt 05I-a TTTT)(-1
p dt = 0.95 AcFR(Ta) I - 0.95 A FRUL 0.7 ATUT(T (7-11)

m

where

T = normal average temperature
av for the month

A computer program was developed to integrate Equation 7-Il using the

trapezoidal rule.

b. Active System Collector Requirements

Aboveground Storage: Using the steady-state analysis procedure
described in paragraph 7-2a, the collector areas were derived for each
of the four sites. These results for aboveground tanks employing 3
inches of insulation are shown in Figure7-7a-d. The Hig, Performance
collector refers to the LOF model 121 collector described in paragraph
6-lb and the Low Performance collector to the Model 120.

Optimum land use and reduced site work can be achieved if the col-
lectors can be mounted on the tank roof. Figures 7-8a-d illustrate a
plan view of the collector array and tank for the four sites under con-
sideration. Subsequent cost studies indicated the high performance
collector to be the most cost-effective; therefore, the array size was
based upon this design.

All results in Figure 7-7 and Figure 7-8 were obtained with the
collector tilted at the latitude of the site. Frequently, the annual
collection efficiency can be improved by increasing the tilt slightly
to compensate for poorer weather conditions in the winter. Figure 7-9
illustrates the collector area requirements for Jacksonville for two
different tilt angles, e.g., tilt angle equal at the latitude and tilt
angle equal the latitude plus 150. Clearly, there was a deterioration
in performance when the collect,i, was tilted past the latitude angle.
Therefore, this tilt was zonsidered to be optimum for heating oil stor-
age tanks.

Belowground Storage: Collector areas for the underground tanks are
shown in Figures 7-10a-d. Cost studies, which will be described in para-
graph 7.3, indicate the High Performance (c.g., the LOF Model 121 using
a selective surface) to be the most cost-effective unit. Therefore,
only this collector was used for these analyses.

Mined Storage: Collector areas for mined caverns were computed
for one location, Portland, Maine. Figure 7-11 compares these computa-
tions with those of aboveground and belowground storage. The mined
storage appears to be unsuitable for solar heating because of the large
heat loads involved.
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725 1357
COLLECTORS COLLECTORS

T =110OF T 120OF

1713 2123
COLLECTORS COLLECTORS

Figure 7-8a. ACTIVE COLLECTOR ARRAY LAYOUT
PORTLAND, MAINE; PLAN VIEW
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T 90OF T 100OF

699 951

COLLECTORS COLLF- rORS

1T 110OF T 120OF

1236 1560

COLLECTORS COLLECTORS

Figure 7-8b. ACTIVE COLLECTOR ARRAY LAYOUT
NEW YORK, NEW YORK; PLAN VIEW
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T = 90OF T =100 0F

515 731
COLLECTORS COLLECTORS

T =110OF T - 120OF

COLLECTORS COLLECTORS

Figure 7-8c. ACTIVE COLLECTOR ARRAY LAYOUT
NORFOLK, VIRGINIA; PLAN VIEW
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Figure 7-8d. ACTIVE COLLECTOR ARRAY LAYOUT
JACKSONVILLE, FLORIDA; PLAN VIEW --
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JACKSONVILLE, FLORIDA

LOW PERFORMANCE COLLECTOR
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Figure 7-9. ACTIVE SYSTEM COLLECTOR REQUIREMENTS
ABOVEGROUND TANK
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Figure 7-11. ACTIVE SYSTEM COLLECTOR REQUIREMENTS
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To simplify calculations, a value of U Tat T -110OF was chosen for
allI values of bulk temperature.

Now the transmittance-absorptive product (Ta) for a single-glazing

is given by____

(tct) (7-14)

- (G-9) (0.95)
1-0l-0-95) (0.16)

o .86

Transient Analysis Results: The steady-state analyses presented
above considered only the long-term average temperature of the product.
Because of the annual swings in ambient temperature, there is a possi-

P bility that the temperature of the product might reach unacceptable
low temperatures in the winter, or unacceptable high temperature In
the summer. Figure 7-12 presents a printout of the transient analysis
computer program described in paragraph 7.2a. In this example (Port-
land) the temperature deviated roughly * 50F about the average temper-
ature 110*F. Figure 7-12 illustrates the product temperature extremes
for all sites investigated.

c. Passive System Collector Requirements

Two types of passive solar systems were considered in the detailed
evaluations, an indirect gain collector and a direct gain collector.
The indirect gain collector is composed of a double layer, vertical
glazing attached outside the south tank wall with a small air space
between the tank and the glazing. Sunlight passes through the glazing
thereby heating the tank wall, which is painted a dark color. The pro-
duct is heated on the interior surface of the wall by natural convection.
Stirrers would be used to mix the product thus distributing the heat
collected from the south wall to the north wall and throughout the tank.

The direct gain collector involves replacing a portion of the
steel roof of the tank with a double-glazed window. Sunlight passes
through the glazing in the roof and strikes the dark product in the
tank where it is absorbed and warms the product directly. Stirrers are
also used here to mix the product and distribute the heat from the pro-
duct in the top of the tank to the bottom of the tank. These-two con-
cepts were illustrated in Figure 5-10.
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Indirect Gain Collector Description: Passive heating systems con-
structed into the side of the storage tank offer the potential of low
cost combined with high performance: Figure 7-14 is a cross-section
of the collector surface illustrating the temperature profile through
the glazing and tank wall.

Now

qin = I ( 4) - LOSS (7-12)

I (Tc) UT(T a - Tp) (7-13)

The top surfac 3heat loss coefficient, UT, can be determined from
Duffie and Beckman and are shown in Table -6.

Ta T P
T

qloss •

Glazing Tank Wall

Figure 7-14. CROSS-SECTION OF INDIRECT GAIN COLLECTOR

Table 7-6. TOP HEAT LOSS COEFFICIENT

(V - 15 ft/sec)

T(°F) I cover 2 covers

120 1.21 -

110 1.16 0.57
100 1.11 -

1 3Duffie, John A. and William A. Beckman, "Solar Energy Thermal

Processes," John Wiley & Inc.
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And for a double-glazing

(- )) (7-15)

(0.83) (0.95)
1-(-0.95) (0.24)

= 0.80

To account for reflections off the glazing at angles other than
0 TaL

90 , an incident angle modifier -- is multiplied by the normal in-
cident transmittance absorbance n product.

Ta = (Ta)n X g -n

A typical incident angle modifier is equal to 0.91. Therefore,

ra = (0.80) X (0.9, 0.728

Indirect Gain Collector Evaluation: The heat balance on a secti .f
the vertical wall indirect gain collector gives (see Figure 7-15

I- IReflected QIN (7-16)

Q QNET + QLOSS

QIN QLOSS = %ET

rewriting for heat loss on an annual basis.

QIN = T IANNUAL = 0.728 1ANNUAL (7-17)

QLOSS = ULOSS (T - Ta) X 24 hr/day X 365 days/yr (7-18)

= 8760 ULOSS (T - Ta )

ULOSS = 1.16 Btu/hr ft2 oF single-glazed

= 0.57 Btu/hr ft2 OF double-glazed

QNET is the annual change in energy added to the product. A net heat
loss fro the product (QNET<O) indicates that the passive system cannot
supply the heat losses.

For a single-glazed indirect gain collector
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= 0.728 1ANNUAL - 1.16 X 8760 (T - T ) (7-19)QNETs • ANUA

= 0.728 1ANNUAL - 10162 (T - T a )

QNETD = 0.728 1ANNUAL - 0.57 X 8760 (T - Ta) (7-20)

= 0.728 1ANNUAL - 4993 (T - Ta )

Since the indirect gain collector must be mounted on the curved wall on
the tank, different parts of the collector face different azimuth angles

to include the variation in solar radiation available at different azi-
muth angles. The annual solar radiation I was calculated by the
NASA method for azimuth angles from 0-90 in increments of 10 as de-
scrived in paragraph 3.1.

Since the greatest solar radiation striking a vertical surface will
most probably occur at the northern most site, the indirect gain collector
was first evaluated at Portland, Maine. The net energy, 0.ET- is shown
in Table 7-7 along with the solar radiation available and Tosses per
square foot of indirect gain collector.

4 Since at all azimuth angles the net energy added to the product
was negative based on this preliminary evaluation, the direct gain collec-
tor examined was a net energy loser and, thereby, not a feasible option.
In Jacksonville, indirect gain collector was a net energy gainer but
the quantity of energy collected was insufficient to balance tank en-
velope heat losses.

Table 7-8 presents the net energy gain for a tank located in Jack-
sonville. Since the net gain is positive there is a possibility that
it can equal or exceed the total tank heat loss and, therefore, be a
viable option. It was found that a collector with an included angle of
1100 could indeed heat this tank. At a product temperature of 120 0F, the
indirect system could not provide enough net gain to offset the tank heat
losses; therefore, without augmentation by reflectors or night curtains,
it was concluded that the indirect passive system was not a viable option,
except at low product temperatures and at Southeast site locations.

Direct Gain Collector: The heat balance on a unit of direct gain
collector is given by

QNET = QIN - QLOSS (7-21)

where the terms were previously defined for the indirect gain collector.
If TET is positive, then the direct gain collector is a net energy
bene it, and the collector area required is that necessary to balance
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Table 7-7. INDIRECT GAIN COLLECTOR ENERGY BALANCE
PORTLAND, MAINE, DOUBLE-GLAZED

= ]0°0F, f 45°Fa

Azimuth IANNUAL 2IN QLOSS QNET
Angle 0 Btu/yr/ft I06 Btu/yr/ft 2  10 Btu/yr/ft 10 Btu/yr/ft

0 247,581 180,239 274,615 -94,376

10 246,247 179,268 274,615 -95,347

20 242,420 176,482 274,615 -98,133

30 236,444 172,213 274,615 -102,483

40 228,810 166,574 271,.61; -I08,O41

50 218,925 159,377 -/4.,65 -)15,238

60 203,537 148,175 274,615 -126,440

70 189,273 137,791 274,615 -136,824

80 174,379 126,948 274,615 -147,667

90 159,521 116,131 274,615 -158,484

7-36



HNDTR-80-52-SP

Table 7-8. INDIRECT GAIN COLLECTOR ENERGY BALANCE
JACKSONVILLE, FLORIDA - DUUbLE-GLAZED

T 100 0 F, W 65°F
a

Azimuth 61ANNUAL Qin Qnet
Angle 10 Btu/yr/ft 2  )njOt yr ft2  106 Btu/vr/ft2

0 265,056 192,961 18,206

10 265,391 193,205 18,450

20 265,669 193,407 18,652

30 263,505 191,832 17,077

40 260,665 189,764 15,009

50 255,424 185,069 11,194

60 247,348 180,069 5,314

70 236,639 172,273

80 224,357 163,328

90 209,750 152,698
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the load of the remaining tank consisting of heat losses from the tank
walls, perimeter, and bottom, plus the heat losses from the portion of
the roof not in the collector. Now for 3 inches of tank insulatio.

Q = 7751 Btu/hr0 F X 8760 !,r/yr (W -
LOSSSIDES + BOTTOM a

= 67.9 X 106 (f - a) Btu/yr (7-22)

The insulated roof that is not composed of the direct gain collector has
a heat loss

QLOSS = 0.04507 Btu/hrft 2F X 8760 hr/yr (110,447 ft 2-A)ROOF X (T-Ta

= 395 (110,447 - Ac) ( - Fa) Btu/yr

The collector area required for solar to match the heat losses of the
insulated tank is:

A 11.5 X 10 6(T - T (7-23)A c QNET + 395 (T - Ta

The direct qain collector area required for various locations and pro-
duct temperature is shown in Figure 7-16 expressed as a percent of the
roof. The broken bars indicate where the collector area requirements
exceed the total roof area. It is at these conditions that the concept
is not feasible. Figure 7-17 illustrates the product's temperature ex-
tremes as computed by the unsteady-state model. In every case, except one
the roof area predicted by the transient analysis agreed closely with t ,at
predicted by the steady-state use. The exception is Norfolk where the
transient analysis indicated that passive was unfeasible at 120 0F.

d. Heat Pump Requirements

The Jacksonville, Florida site was evaluated as a potential appli-
cation of the heat pump concepL. For this site, it was assumed that the
oil storage tank was locaLeo close enough to utilize waste heat from the
Jacksonville Electrical Authority Northside plant on the St. John's
River. The temperature of the river water varies between 53°F and 850 F
and experiences a 100 temperature lift in the plant's condenser. Since
the water proceeds from there to the heat pump where it is chilled 100

in the evaporator of the heat pump, the river water temperature is also
the temperature of the water leaving the heat pump evaporator (assuming
no heat losses or gains between the power plant and the heat pump). For
a sinusoidal temperature variation of the river water, the heat pump
COP can be easily calculated on a month-by-month basis using the per-
formance data provided in paragraph 6.3. Figure 7-18 illustrates
these performance parameters averaged over a season of operation.
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The heat pump utilizes electrical energy which was generated by
the conversion of an energy source such as coal, oil, or nuclear fission.
To properly evaluate a heat pump, conversion losses must also be consid-
ered. For this example, it was assumed that the power plant conversion

1200F 120°F
11O°F 10OF

100

100 0 F 120OF

00

600

100 F
0 0a 40

Fu 7 DIECF 110 F

20 DOULE-LAZDF

-90F

PORTLAND NEW YORK NORFOLK JACKSONVILLE
MAINE NEW YORK VIRGINIA FLORIDA

D __.Figure 7-16. DIRECT GAIN ROOF COLLECTOR AREA

-DOUBLE-GLAZED-
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Figure 7-18. SEASONAL HEAT PUMP PERFORMANCE
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efficiency was 30 percent. It was also assumed that the power plant was
operated as a boiler, e.g., only when it was necessary to extract the
product in an embargo situation. In this operational mode the "load"
is primarily the energy used to elevate the temperature of the product
to the desired level, thus

Q = m cp (T - T )p am

where

m = mass of product stored

c = specific heat of productP

T = extraction temperature

= equilibrium temperature of productam (assume to be average ambient)

Thus, for each extraction the following amount of eneg', is required to
elevate the product temperature

Q = 1.25 (106 bbl X 42 gal/lb X 0.451_Btu/lb°F
X .99 Sp Gr X 8.34 lb/gal X (T - T

am

= 195.5 (10 6) AT Btu

Figure 7-19 illustrates the source energy requirements for a single ex-
traction for both the heat pump and the boiler, assuming the product is
initially at the annual average temperature of 70°F for Jacksonville.
Clearly, the heat pump has an advantage over the boiler in terms of
source energy comsumption.

The rate at which the 1,250,000 barrels of product is to be ex-
tracted affects the size of the heat generating capacity, in this case
the number of heat pumps. For this study, extraction durations of 45
da,.'s nd (,l dy were rnnsidered. Table 7-9 illustrates the number Of
::chines recuirec. to echieve E cver extracti(in temperature.

The heat pump can also be operated continuously to maintain the pro-
duct at a desired temperature. Figure 7-20 illustrates the annual source
energy requirements for both the heat pump and the boiler for this oper-
ational mode. Since the heat rate is low, only one heat pump is re-
quired to provide the desired capacity (except at a product temperature
of 1200F where two are required).

7.3 SHADING ANALYSES

The length of the shadow cast by i vertical element of a tank is
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h

tan a

where

h = height of tank
a= sun altitude angle

Since the sun is at a great distance from the earth, its rays are con-
sidered to be parallel and the shadow width is that of the tank.

Now

sin a = sin L sin 6 + cos L cos 6 cos h

S S S.

where

6 = declination angle
S

L = latitude

h = solar hour angle
S

= 150 (1200 - time of day)

The solar azimuth angle is
si- -cos 6 sin h

-sin a =
S Cos a

Ground shadows cast by the tanks were defined for two location
Portland and Jacksonville. These are presented in Figure 7-21.

Table 7-9. NUMBERS OF HEAT PUMP UNITS REQUIRED IN THE EXTRACTION MOL
(1.25 MMB Tank)

WESTINGHOUSE TEMPLIFIER TPB - 060 A

0
Product Temperature F

Extraction Duration 90 100 110 120

45 days 6 8 12 17
60 days 4 7 10 13

Note: For 10 MMB storage this number of units would be multiplied
by 8.
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CHAPTER 8
SOCIETAL/ENVIRONMENTAL/ATTITUDINAL CONSIDERATIONS

The choice of heating systems could very likely hinge on non-eco
Some of these are:

" environmental

" competition for limited fossil fuels

" local economics

" attitudinal

In the next few paragraphs these considerations will be discussed in
terms of a solar heating system vs an oil-fired system.

8.1 ENVIRONMENTAL

The positive environmental benefits of solar have been well describ-
ed through the literature. These are

* no atmospheric contamination from flue gases

o little or no potential for spill of stored fluids

o little requirement for depletable domestic resources

a potential for reduced site work.

8.2 COMPETITION

The entire idea of the Regional Petroleum Reserve Program is to pro-
vide for emergency supplies of residual oil in the event of an embargo.
Heating the 1.25 million barrels of residual oil to a temperature satis-
factory for withdrawal will require about 174,000 gallons of No. 2 oil,1

4

energy that we can ill afford to consume in an emergency embargo situa-P tion. In effect, a solar heating system is equivalent to 174,000 gallons

of No. 2 oil when it is needed the most.

14Vol = 195.5 (10 6) (120°F-450 F)Btu
140,000 Btu X 0.6 = 174,554 gal

gal

See Paragraph 7.2d
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8.3 LOCAL ECONOMICS

A solar system is potentially more labor intensive than an oil-
fired heating system. The import on local trades and small businesses
cannot be overlooked.

8.4 ATTITUDINAL

Public attitudes toward solar are almost without exception positive.
This is in striking contrast to other energy technologies where public
opposition to some new facilities must be a major consideration in
planning.
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APPENDIX A. HEAT TRANSFER FLUIDS

Reprinted from "Design and Installation Manual for

Thermal Energy Storage", Argonne National Laboratory,

ANL7916, Argonne, Illinois
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APPENDIX A. HEAT TRANSFER FLUIDS

Heat transfer fluids are used in solar systems to transfer heat from
the solar collector to the storage medium and from the storage medium
to the building. They are sometimes called "collector coolants" because
they cool the collector as they absorb its heat.

The fact that some heat transfer fluids and manufacturers are mentioned
by name in this appendix as examples in no way constitutes endorsement
or recommendation.

COMPARISON OF HEAT TRANSFER FLUIDS BY GENERAL CHARACTERISTICS

Air

Air is one of the most commonly used heat transfer fluids in solar systems.
* It is free and will operate at any temperature the solar system will reach.

Moreover, a leak in an air-based system will cause no damage, although it
will degrade system performance. Since air has a low volumetric heat
capacity, its flow rate through the system must be high. The power used
to transfer a given amount of energy is higher for air than for most liquids.
The major disadvantage of air is that it requires large duct size, which

L makes retrofitting difficult and provides more area for thermal losses.
Air handling systems are also generally noisier than liquid-based systems.

Water

Water is a readily available fluid with good heat transfer properties
(i.e. , high heat capacity, high thermal conductivity, and low viscosity).
Its major drawb-icks are its high freezing temrptrature, its expansion
upon freezing, and its corrosive effect on common engineering materials
(except copper). Also, its low boiling point can cause large pressures
within the collector system under zero flow conditions. *Water has no

.9 adverse biological or environmental effects.

Ethylene Glycol

Other than water, the most commonly used heat transfer liquids in flat
plate collectors are water/ethylene glycol solutions. These common,
colorless, odorless antifreeze solutions are also used in many other
applications. Ethylene glycol is relatively inexpensive and available
from many manufacturers. (See listings in the Thomas Register.) With
corrosion inhibitors, aqueous ethylene glycol solutions can reduce the
corrosive action and freeztng temperature of water. These solutions
are'usually available in a wide range of concentrations and inhibitor
levels. The thermal properties of the solutions (heat capacity,
thermal conductivity, and viscosity) are poorer than those of water.
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The boiling and flash points of aqueous ethylene glycol mixtures are low
and can be easily reached under zero flow conditions. Glycols can oxidize
to organic acids (such as glycolic acids) when exposed to air near boiling
temperatures. The inhibitors used are designed to neutralize these
extremely corrosive acids. Periodic maintenance snd addition of inhibitors
must be done if these fluids are used. Anot'>_r major drawback to the use
of ethylene glycol is its high toxicity.' Most plumbing codes require
that ethylene glycol solutions be separated from potable water by double-
walled heat exchangers.

Propylene Glycol

Propylene glycol has properties similar to those of ethylene glycol,
except that propyleie glycol has higher viscosity and is less toxic.
With inhibitors, Fropylene glycol can be used with most common engi-
neering materials. Periodic maintenance and inhibitor addition must
be performed to limit corrosion. Propylene glycol will also form
acids at high temperatures in oxygen-rich atmosphcres. decause of its
lower toxicity, propylene glycol has been widel-. u,eU in the food
industry. Most manufacturers who produce eth-,'lne glycol also market
propylene glycol. The higher viscosity of propylene glycol makes
the heat transfer properties of aqueous proplyene glycol mixtures
poorer than those of ethylene glycol.

Other- Gyco Is

Other gLvcol solutions have been used as heat transfer fluids in
industry applications. These include diethylene -nd triethylene
glvcol. With inhibitors, both of these fluids can be used with higher
boiling points than ethylene glycol. The thermal properties of these
aqueous soluticns are similar to those of ethylene glycol at similar
concentrations. The vapor pressure of each is slightly higher than
that of ethylene glycol. The toxicity of these fluids is between thaL
of ethylene and propylene glycol; their cost is slightly higher than
that of ethylene and propylene glycol.

The U.S. Federal Food, Drug and Cosmetic Act of 1938, a big, step
in the formation of the U.S. Food and Drug Administration (FDA),
was prompted mainly by a poisoning episode in 1937 involving at
least 73 deaths and perhaps as many as 107 deaths caused by
diethyleae glycol contained in a drug known as "Elixir Sulfanilamide"
(Campbell). Diethylene glycol is somewhat less toxic than ethylene
glycol.

A-2



HNDTR-80-52-SP

Other glycol heat transfer compounds include polyalkylene glycols such
as Ucon2 brand fluids and Jef fox3 brand fluids. With inhibitors, the
corrosive action of these compounds upon commuon engineering materials
can be reduced. They are low in toxicity and are available in a wide
range of viscosities. Fluids of this type that are applicable to heat
transfer purposes cost more than the other glycol compounds.

Petroleum (Mineral) Oils

Petroleum oils are also used as heat transfer fluiids in industry
applications. They generally are fluids designed to operate at high
temperatures, although some are able to offer lower temperature operation.
As a group, they have poorer heat transfer properties than water, with
lower heat capacity and thermal conductivity and higher viscosity. The
flash point and boiling point lie below possible zero flow temperatures
of a collector. Upon exposure to air at high temperatures, these fluids
are subject to oxidation and cracking, forming tars and other by-products

0 that will reduce collector performance and increase corrosion. The
toxicity of these fluids is generally low and their prices are relatively
low. Mobiltherm4 Light brand fluid was chosen in this study as a good
representative of this class of fluids for low temperature applications.

Silicone Fluids

Some flat plate collector installations have used silicone fluids as the
heat transfer fluids. They are produced by Dow Corning and General
Electric, among others. These fluids have low freezing and pour points,
low vapor pressure, low general corrosion, good long term stability, and
low toxicity. Their major drawbacks are high viscosity, causing poor
heat transfer and requiring higher flow rates, 'and high cost. Also,
leakage through fittings can create problems because silicone fluids
have lower surface tension than aqueous solutions. Joints and fittings
must be adeqVate to insure minimal leakage.

2Ucon is a trademark of Union Carbide Corporation.
3 Jeffox is a trademark of Jefferson Chemical Company, Inc.
SMobiltherm is a trademark of Mobil Oil Corporation.
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Other Fluids

Another possible fluid for use in flat plate cyllectors is Dowtherm 5 J

brand fluid. It is an alkylated aromatic compound wiLh low viscosity,

low heat capacity, and low thermal conductivity it is relatively
inexpensive but has low flash and fire points. Oxidation of Dowtherm J
at high temperatures upon exposure to air can lead to formation of
insoluble materials and increased fluid viscosity. When the fluid is over-
heated, the flash point can be lowered and vapor pressure increased. If
it is contaminated by other fluids (such as water), corrosion can be
enhanced (in the case of water, steel). The toxicity of Dowtherm J is
high. As with aqueous ethylene glycol solutions, double walls would most
likely have to separate the potable water from the Dowtherm J.

Some other possible heat transfer fluids include Therminol q 44 brand
ester-based fluid, Therminol 55 brand alkylated benzene fluid, and

Therminol 60 brand hydrogenated aromatic fluid. They have low heat
capacities, low thermal conductivity, high viscosity, and low freezing
temperatures. The flash points of these fluids are at the upper range
of possible zero flow temperatures. The costs of iherminol 44 and 60
are relatively high, while Therminol 55 is muc' iess costly.

Sun-Temp 7 brand fluid, a saturated hydrocarbon, is another possible heat
transfer fluid available to flat plate collector users. It has low
heait capacity, low thermal conductivity, high viscosity, a low freezing 4i
tt.uperature, a high boiling temperature, low toxicity, low corrosivity 0
with aluminum, and low vapor pressure. It is relatively inexpensive.
.ecause of its high viscosity, larger flow rates are required to produ:ce
turbulent flow and to increase hboat transfer.

Recentlv, inorganic aqueous salt solutions have been proposed as possible
heat transfer fluids. According to Kauffman, 23-percent sodium acetate

and 38-percent sodium nitrate aqueous solutions with suitable additives
can be used as heat transfer fluids. These solutions have low toxicit.

Their cost is comparable to that of ethyleae glvcol, and their heat
transfer properties are similar ro ',hose of the glycols. Pumping costs
for these fluids would be lov. Like other aqueous solutions, they are
subject to boiling at lower tempt-rat ures with large vapor pressures.

These fluids are still being inv,_.stigated for solar energy applications.

CO>W2ARJSON OF HEAT I'RANSFER FLUIDS BY PHYSICAL PROPERTI ES

In the preceding (iscussinn of heat transfer fluids, general Lhiaracter-
istics of each fluid studied were discussed. In the following qections,
the following physical properties will be considered.

5 Dowtherm is a trademark of Dow Chemical Company.
Therminol is a trademark of Monsanto Company.

7 Sun-Temp is a trademark of Research Technology Corporation.
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* Thermophysical properties
Flow rate

Cost
Toxicity
F Ilammabi l ity
Cotrosiveness
Vapor pressure
Freeze protection

The heat transfer fluids discussed earlier will be compared to offer
a quantitative description of probabl, performance in double-loop heat
exchanger collector systems. In some sections, representative fluids
were chosen for the comparison. For ethylene glycol a 50-percent
aqueous solution with inhibitors was used. Because most properties
of the glycols are not drastically different from manufacturer to
manufacturer, we did not always compare each available ethylene or
propylene glycol product. A 50-percent solution for both ethylene
and propylene glycols was used, since this allows adequate freeze
protection for most cases. For some applications, lower concentrations
might be plausible; in such cases, the results found here will be
slightly conservative for heat transfer and flow rate properties.
Also, since the properties of diethylene and triethylene glycol are
close to those of ethylene glycol, we did not consider it necessary to
compare these fluids in every section.

Thermophysical Properties

The thermophysical properties of the fluids were found from the manu-
facturers' specifications over the operating temperature range of flat
plate collectors. For heal transfer, water is the best fluid. It has
a high hear capauity, high thermal conductivity, and low viscosity.
Water and th.e other hot transfer fluids are compared in Figures A-i
through A-4 for the following t. :-mophysical properties.

Viscosi t y

Thermal condhikct ivitv
Sfens i tv

Gened I ly , aqueous so lIt ion s (siuch as ethylene and propylene glycol)
have better the rmophysira!I proper ties than do the rest of the heat
transfer fluids except DowtherM ,J. Dowtherm J has a lower viscosity
than gilycol solutions but also has lower heat capacity and thermal
conductivity. Other simple comparisons of the heat transfer fluids
can be made from Figures A-i thoigh A-4.

A-5



HNOTR-80-52-SP

50.A

2Q

10.-

-~5.-

L

S2.-
U,7

C> J
)a)6

I.z

TEPE OTR C F

Figure A-1. viscosity of Heat Transfer Fluids Versus Temperature
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Flow Rate

One of the important parameters to be considered in selecting a neat

transfer fluid is the operating pressure drop caused by friction within
the fluid channel. The pressure drop of the fl,):"4  was investigated for
various flow rates and fluid channel sizes. LcAdams found the pressure
drop per tube length within tubes to be:

AP (psi/ft) -

L 2 Dlgp 144

This neglects entrance and exit effects. Equation A-I is applicable for
collector, heat exchanger, and traced tank tubes where:

f = friction factor

= 16/Re, for Re < 2500 (laminar flow)
0.32

= 0.0014 + 0.125/Re , for Re > 2500 (turbui!nt flow in

smooth-walled tubes)

Re = Reynolds number

= C" Di/Ij

V = fluid viscosity (lb/ft'hr)

C" = mass flow rate through tube (lb/hr'ft 2)

Di = tube inside diameter (ft)

g = acceleration of gravity

= 4.18 x 108 ft/hr
2

p = density of fluid (lb/ft 3 )

Equation A-1 can be reduced to the Darcy equation in the form:

P _ 0.0216f Q-  A-2
L d5

where:

Q = flow rate (gal/min)

d = tube inside diameter (in)

Equation A-I shows that the tube size greatly affects the pressure drop
within the tube. Some fluids, because of their higher pressure drops,
require larger tube sizes than water.
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The shell-side pressure drop can be found by using the following equation
from D. Q. Kern.

fG 2  D (Nf+ 1)

=P max s baf(psi) A-3
2 gp D 144

where:

C = maximum flow rate through shell side (lb/hr.ft 2)max

D = shell diameter (ft)S

Nbaf = number of baffles within heat exchanger

D = tube outside diameter (ft)

f = friction factor

= 0.0014 + 0.125/Re'
0 3 2

Re' = GmaxDo/p

Cost
In some applications, more expensive fluids can be competitive with

less costly ones. In order to determine the relative cost of a heat
transfer fluid, the volume of fluid required for a particular appli-
cation must be known. For some applications (such as domestic hot
water heating) the amount of heat transfer fluid required will be small
since the collector area needed is small. In traced tank systems more
costly fluids can be used if their other properties are desirable.

Table A-i shows the 1978 costs of many heat transfer fluids in single
55-gallon drum quantities. Note for the glycol solutions that the final
costs will generally be lower, since a 100-percent solution of the glycols
is not necessary. Thus Mobiltherm light and the glycols are the least
expensive heat transfer fluids for initial installation, while the sili-
cone fluids are the most expensive.

There are other costs besides those of the initial fillup. Periodic
maintenance and inhibitor addition, if needed, can add to the total
cost of the fluid over a specific time period. Where inadequate cor-
rosion and freeze protection might lead to collector failure, this
additional cost must be considered. Also, more viscous fluids will
require higher flow rates and increased pumping costs. Thus the total
investment in fluid over a given time period is equal to the sum of the
initial cost of the fluid plus any additional costs of added fluid or
inhibitor, increased pumpinq costs, maintenance, cost of replaced parts
needed because of inadequate freeze or corrosion protection, or cost
of reserve draindown or expansion tanks needed for some fluids.
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Table A-I. Initial Fillup Cost of Heat Transfer Fluids

Fluid Cost per Gallon Manufacturer
(Single 55-gallon
drum quantities)

Water

100% Ethylene Glycol 2.56 Union Carbide

100% Propylene Glycol 2.45 Union Carbide

100% Diethylene Glycol 2.82 Union Carbide

100% Triethylene Glycol 3.70 Union Carbide

1007 ,,,r, Thermofluid 3.81 Union Carbide
(Ethylene glvcol & inhibitors)

100% Lcar Foodfreeze 3.63 Union Carbide
(Propvlene Glycol & inhibitors)

1007 !,:wtlerm b SR-i 3.65 Dow Chemical

(Ethvlene Givcol & inhibitors)

1001 Dowfrtst b  3.45 Dow Chemical

(Propylene Glvcol & inhibitors)

Mobiltierm I ight 1.29 Mobil Oil

SF-96 (50) 14.00 General Electric

(Sil icone)

Q2 -11 32 J.05 Dow Corning

(Si I icone)

Dowtherm , 4.50 Dow Chemical

dermilold 44 7.65 Monsanto

55 2.80 Monsanto

60 6.80 Monsanto

Sun-lempe 3.50 Resource Technology
Corporation

a Ucar is a trademark of Union Carbide Corporation.
b Dowtherm and Dowfrost are trademarks of Dow-Chemical Corporation.
c
Mobiltherm is a trademark of Mobil Oil Corporation.

d Therminol is a trademark of Monsanto Company.
e S,,n-Temp is a trademark of Resource Technology Corporation.
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Toxicity

The toxicity of a heat transfer fluid can greatly affect the design and
operation of a double-loop flat plate collector system. Most plumbing
codes require that double walls or vented surfaces separate a toxic fluid
from potable water supplies. The possibility of poisonous fumes escaping
from the heat transfer fluid must also be considered. These problems
require the use of different rneat exchangers, which transfer heat less
optimally than those that operate without a toxic fluid. The following
discussion describes the toxicity of the heat transfer fluids studied.
The information was obtained from the manufacturers.

In a discussion of toxicity the following definitions (from United States

Codes Annotated, 1974) are useful.

A hazardous substance is any substance or mixture of substances which:

*Is toxic
0 . Is corrosive (will cause destruction of living tissue by

chemical action)
*Is an irritant
*Is a strong sensitizer
*Is flammable or combustible
Generates pressure through decomposition, heat, or other means.

A toxic substance is any substance that has the capacity to produce
injury or illness to man through ingestion, inhalation, or absorption
through any body surface.

A highly toxic substance is any substance that produces death
within 14 days in half or more than half of a group of ten or more
laboratory white rats, each weighing be-tween 200 and 300 grams, at
a single dose of 50 milligrams or less per kilcgram of body weight
when orally administered, or when inhaled continuously for a period
of 1 hour or less at an atmospheric concentration of 200 parts per
million by volume or less of gas or vapor, or 2 milligrams per liter
by volume or less of dust or mist.

LD 5 )refers to the quantity of chemical substance that kills 50

percent of dosed animals within 14 days. Dosage is expressed in
grams or milliliters per kilogram of body weight.

Single dose (acute) oral LD 5 0 refers tu the quantity of substance

which kills 50 percent of dosed animals within 14 days when admin-
istered orally in a single dose.

Because the primary hazard in using heat transfer fluids is the pos-
- sibility that the heat trans'~er fluid may leak into a potable water

supply and be ingested, acute oral toxicity is the primary concern in
this section. Table A-2 lists the LD values for selected fluids for

50
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Table A-2. Acute Oral Toxicities of Heat Transfer Fluids

Fluid LD5 0

Water --

100% Ethylene Glycol 8.0
(No inhibitors)

100% Propylene Glycol 34.6
(No inhibitors)

100% Diethylene Glycol 30.
(No inhibitors)

100% Triethylene Glycol 30.
(No inhibitors)

100% Dowtherm SR-i 4.

Mobiltherm Light 20.

SF-96(50) (Silicone) 50

Q2-1132 (Silicone) 50

Dowtherm J 1.1

Therminol 44 13.5

Therminol 55 15.8

Therminol 60 13.0

Sun-Temp No test information
available
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acute oral toxicity. No substance listed is highly toxic according to
the preceding definition, but several are quite toxic. Dowtherm J is
the most toxic fluid listed in Table A-2, with the ethylene glycol
mixture second. The least toxic fluids are silicone fluids, Sun-Temp,
'and propylene glycol. (Propylene glycol is routinely used in the food
industry.)

Flammability

The possibility of the heat transfer fluid being a fire hazard was
considered. In a discussion of the flammability of a heat transfer fluid
the following definitions are useful.

Boiling point -- the temperature at which the vapor pressure of a
liquid equals the absolute external pressure at the liquid vapor
interface.

Flash point -- the lowest temperature at which a combustible vapor
above a liquid ignites and burns when ignited momentarily in air.

Fire point -- the lowest temperature at which a combustible vapor
flashes and burns continuously.

Self-ignition point -- the temperature at which self-sustained
ignition and combustion in ordinary air take place independent
of a heating source.

Extremely flammable -- any substance that has a flash point at or
below 20*F as determined by the TOCT (Togliabue Open Cup Tester).

Flammable -- any substance that has a flash point between 20*F and
80*F as determined by the TOCT.

Combustible -- any substance tha' :1as a flash point between 80*F
and 150'F as determined by the TG2T.

Table A-3 lists the fluids studied and their boiling or flash points,
whichever were supplied by the manufacturers. None of the fluids listed
are extrem lv flaimnable or flammable. Only Dowtherm 3 is combustible,
with a flash point of 145*F. With the exception of the silicone fluids,
Sun-Temp, *ind Therminol 44, most of the fluids have flash points below
possible staganation temperatures.

The HUD Minimum Property Standards for FHA eligibility, according to

Kauffman, preclude the use of fluids whose flash points are not at

least lOO0oF higher than the highest temperature to which they might

be exposed. Thus the use of tluids with low flash points is limited

unlessadequate safeguards limit the exposure of these fluids to high

temperatures and exposure to the atmosphere.
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Table A-3. Flammability of Heat Transfer Fluids

Fluid Boiling Point Flash Point, OF

OF " (C1.cveland Open Cup)

Water 212 --

100% Ethylene Glycol 388 240

50% Ethylene Glycol 225

100% Propylene Glycol 370 225

100% Diethylene Glycol 475 290

100% Triethylene Glycol 550 330

100% Dowtherm SR-I 325 240

50% Dowtherm SR-l 230

100% Dowfrist -- 214

Mobiltherm Light 250 S

SF-96(50) 600

Q2-1132 450

Dowtherm J 145

Therminol 44 425 405

Therminol 55 600 355

Therminol 60 650 310

Sun-Temp 500 310
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Corrosion

Butt and Popplewell state that general corrosion is usually slow in
.most systems but that localized corrosion is the prime cause for
corrosion problems in flat plate collector systems. According to
Popplewell, the four basic types of localized internal corrosion
that can be affected by the heat transfer fluid are: (1) galvanic,
(2) pitting, (3) crevice, and (4) erosion.

Galvanic corrosion occurs when two dissimilar metals are joined together
in an electrolyte (a fluid that conducts electricity, such as an aqueous
solution). Depending on the type of metals in contact, corrosion can
occur quite rapidly at the interface. This problem can be avoided by
separating any dissimilar metals in an electrolytic solution with
insulating couplings.

Pitting corrosion is characterized by rapid localized metal loss which
leads to perforation of metals in uninhibited aqueous solutions. For
aluminum, the presence of chloride ions in the heat transfer fluid will
aggravate this type of corrosion. Metal ions (copper and iron) will
cause pitting to begin on aluminum surfaces. Steel is also susceptible
to pitting corrosion in aqueous heat transfer fluids with chloride ions.

Crevice corrosion is similar to pitting corrosion in that rapid metal
loss occurs in localized areas (inside crevices). Crevices can occur
in blockages within internal channels or gaskets through which the heat
transfer fluid passes. Aluminum and carbon steel are more susceptible
to this form of corrosion in aqueous environments. This problem can be
reduced by eliminating possible crevices by proper design.

Erosion Corrosion is caused by the joint action of corrosion coupled with
mechanical removal of the protective product film. It occurs under high
velocity or turbulent liquid flow conditions. Partial obstructions
within the fluid channel can cause localized high velocities and enhanced
corrosion. Aluminum, copper, and steel are all subject to this form of
corrosion. *According to Popplewell, a maximum velocity of 2 feet per
second is considered relatively safe if the system is relatively free of
abrasions.

General Wastage

Most of the fluid manufacturers show that the general wastage of common
engineering materials by their fluids is small. Table A-4 shows several
examples of general wastage of metallic surfaces by different fluids.
Little is known at present of the possibilities of localized corrosion
by the hon-aqueous solutions.
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Table A-4. General Corrosion of Various Metals by Heat Transfer Fluids

Silicone (Q2-113 2 ), 50% Propylene Glycol,

Metal mg/cm 2  mg/cm 2 per djy

Aluminum 0.01 Bright 0.25
Cast Iron 0.01 Bright
Steel 0.01 Bright 0.002
Copper 0.02 Medium Stain 0.124

Silicone humidified fluid corrosion test results obtained as per SAE
xi 1705 (from Dow Corning Form No. 22-380A-76).

Vapor Pressure

Under zero flow conditions within the collectors, Lmpelatures in excess
of 300'F are possible. For aqueous solutions the vapor pressure under

stagnation conditions can reach several atmcsp1ltres. Some collectors
cannot withstand these pressures. Figure A-5 shows the absolute vapor
pressure versus temperature for several of the fluids. The vapor

pressures of the fluids are quite low, even under zero flow conditions,
except for the aqueous solutions and Dowtherm J.

FreLeze Protection

One of the major drawbacks of using water as a heat transfer fluid Is
its high freezing temperature. In the continental United States, few
locations have had no recorded below-freezing temperatures.

Antifreeze solutions have been commonly added to water to lower its
freezing temperature. In some cases these solutions can retard the
expansivity of the water and cre -,, slush that will not rupture the
fluid vessel. Host nonaqueu:; fluids do not expand upon freezing and
thus will reduce the risk of damaged piping.

Because some fluids become so viscous that their freezing temperatures
are not easily measured, the pour point temperatures of the fluids are
used as their lower operating limits. The pour point temperature is
the temperature of the fluid at which it fails to flow when the
container is tilted to horizontal and held for 5 seconds.

Freeze protection temperatures can best be obtained from the manufacturer

for the particular fluid in question.
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Figure A-5. Vapor Pressure of Heat Transfer Fluids Versus Temperature
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ABSTRACT

This study identifies the pertinent economic factors associated
with the purchase/lease alternatives concerning storage facilities for
residual No. 6 fuel oil in the Northeastern United States.

An equivalenit annual worth comparison is utilized which builds
upon the double-declining balance method of depreciation, with an-
appropriate switch over to straight line depreciation for the lease
alternative. The purchase alternative is a combination of initial
investment and capital recovery factor for the appropriate interest
rate, salvage value, and lifetime.

This study found the lease alternative superior tc the purchase
alternative for every case when the government interest rate equals
the contractor interest rate. Included are 80 tables for varying
interest rates between 5 and 25 percent, from which a decision can
be made to select the appropriate conditions for the case under
consideration.
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ECONOMIC TRADE-OFF ANALYSIS

1.0. INTRODUCTION

This report studies the economic factors affecting a decision
concerning the purchase or lease of facilities to store residual No. 6
fuel oil in aboveground tanks at a site in the Northeastern United
States.

The decision on whether the government should buy (build)
or lease the dock/1'.erminal and storage facilities for the Regional
Petroleum Reserve Program (RPR) is essentially an economic one. There
are a number of reasons why the government should consider leasing the
facilities. Amiong these are:

a. It may be less expensive. For an industrial firm, this
is generally not true. However, in a situation where the lessee (the
government) is not subject to taxation, nor concerned with profits,
and the lessor is concerned with taxes and profits, it may in fact turn
out co be less expensive. Only a thorough economic analysis can estab-
lish which is the best alternative.

b. The government can avoid tying up capital that can be
utilized more profitably in other ways. Instead of laying out the
capital when the facility is acquired, the government makes its pay-
ments as the facility is utilized.

j c. The day-to-day concerns about maintenance, repair, protec-
tion against loss and destruction, obsolescence, deterioration, and re-
placement become the worries of the lessor.

1.1. ASSUMPTIONS

a. The present study is based on the conceptual design and
cost estimates produced by Hallanger Engineers, Inc. of Baton Rouge,
Louisiana, for the Department of Energy, Strategic Petroleum Reserve
Office. The design is based on facilities to store 10 million barrels
of residual No. 6 fuel oil in aboveground tanks at a site in the
Northeastern United States. The facilities include a complete marine

p terminal designed to receive or ship products from barges or tankers
up to 38,OOO-dwt, distribution pipelines between the marine terminal
and the tank farm, and the tank farm itself. The specific details of
the design itself are not pertinent to the present study and are avail-
able in the DOE report [1].

b. The salvage value of the facilities considered in this
study is assumed to be zero. This is based on the concept that con-
siders the facilities in need of complete refurbishment at the end of

C-1



HNDTR-80-45-SP

the 20-year lifetime. Furthermore, technical obsolescence of the
facilities at some point prior to the projected 20-year lifetime
would incur a sunk cost equal to the salvage value which can be
avoided by the assumption of zero salvage value. To test the
validity of the assumption a case using a 10 percent assumed
salvage value was run and found to have negligible effect on the
results.

c. This analysis is based on 1980 dollars, with no adjust-
ments for inflation or other economic conditions.

d. Operating and maintenance costs are excluded from this
analysis, since these costs will undoubtedly be the same for the pur-
chase or lease option. Should the purchase option be pursued, it is
assumed the facility will be operated by an independent government
contractor.

e. The depreciation method selected is one considered to be
most advantageous to the contractor. It is the double-declining bal-
ance method, with the option of converting to the straight line method
under the conditions described in paragraph 4.2. Depreciation is a
consideration only for the lease option, since government built/owned
facilities are not depreciable.

1.2. DEFINITIONS

Following are the definitions of some of the terms used in
this study.

a. Interest Rate - Ratc of gain received from an investment
or rental amount charged by financial institutions for the use of
money.

b. Value - The worth that a person attaches to an object or
a service. The value of an object is not inherent in the object but
is inherent in the regard that a person has for it.

c. Utility - The power to satisfy human wants. The utility
th~at an object has for a person is the satisfaction he desires from
it. Value is an appraisal of utility in terms of a medium of exchange.

d. Fixed Cost - That group of costs involved in an activity
whose total will remain relatively constant throughout the range of
operational activity. Fixed costs are made up of such things as de-
preciation, some maintenance, taxes, insurance, lease rentals, and
interest on invested capital.

e. Variable Cost - That group of costs that vary in some
relationship to the level of operational activity.
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f. Depreciation -Lessening in value of a physical asset with
the passage of time. Depreciation may be physical (wearing out) or
functional (change in the demand for the services it can render)
[2, p. 148].

g. Useful Life - That period of time which the Internal
Revenue Service recognizes as appropriate for depreciating a capital
asset.

h. Economic Life - That period of time for which an asset
has utility for the investor.

i. Captal Recovery Plus Return - Capital invested in an
asset is recovered in the form of income derived from services rendered
by the asset, plus a fair return upon investment [3, p. 36].

j. Opportunity Loss - Alternative opportunities for investing
m which are foregone in order to invest in the present asset.

k. Straight-Line Method of Depreciation - Assumes that the
value of an asset decreases at a constant rate L4, p. 331].

1. Double-Declining Balance Method of Depreciation - Assumes
the asset decreases in value at twice the straight-line depreciation
rate [4, p. 334].

m. Capital Recovery Factor - Provides a uniform series of
end-of-period payments that are equivalent to a present single sum of
money [5, p. 16].

2.0 SELECTION OF INTEREST RATES

A serious problem in the economic analysis of lease-buy sit-
uations for the government concerns the appropriate interest rate to
use in the analysis. There are actually two different interest rates

p of concern:

a. Cost of money to the government, and

b. Cost of money to the lessor.

p In government, money is obtained either by taxation or borrow-
ing in the open money markets (long- and short-term Treasury bills and
bonds). There are at least three different criteria that can be used
in selecting an appropriate government interest rate to be used in the
analysis:
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(1) Cost to the government to borrow money (i.e.,
current rate on Treasury notes, bills and bonds).

(2) Governmental opportunity cost (i.e., rate of re-
turn the government could get if it put the capital
into some other project).

(3) Taxpayers opportunity cost (i.e., what is a reason-
able rate of return that the taxpayer could get if
the money had not been taken by the government in
the form of taxes for the general good).

The rate for the first method can be obtained from the current
money markets. Recently, these rates have fluctuated due to uncertain-
ties in the financial world. Even though the rates have been as high
as 15 percent in recent months, it is believed that a rate between 8
and 12 percent is a more reasonable figure.

The rate for the second method is more difficult to determine.
Since the benefits to be derived from any governmental project are of-
ten highly subjective, it is almost impossible to calculate what the
rate of return might be on a specific expenditure. From a practical
viewpoint, the criteria of governmental lost-opportunity cost is not
useful.

The third possible criteria is that of taxpayer opportunity
costs. The government has a moral obligation to invest any taxes col-
lected profitably or let the individual retain the money for investment
in organizations of his own choice. It is economically undesirable to
take money from a taxpayer with a 9 percent opportunity cost, for ex-
ample, and spend it on a governmental project yielding 6 percent. It
is our contention that the cost of capital should not be established by
the opportunity cost of the organization, but rather by the opportunity
cost of the investors in that organization (i.e., the taxpayers). The
investment opportunities personally available to the taxpayers should

* serve as the basic guide to the goveinment's cost of capital. Under
current conditions these opportuniti.:s are in the range of 6-3/4 per-
cent (Credit Unions and U.S. Savings Bonds) to 14 percent (Money Market
Mutual Funds).

In the present study a base rate of 10 percent is recommended
p as the cost of capital to the government, since this is about the mid-

point of the ranges of both criteria 1 and 3.

The second interest rate, or cost of capital rate, of concern
is that used for the lessor. It is assumed that only major, well-
established organizations would be in a position to acquire and lease

p out a major facility of this nature. Therefore, they should be in a
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position to borrow (or lend) capital at the prevailing prime interest
rate charged by major banks. Although the current prime rate can
readily be obtained, there have been tremendous fluctuations of this
rate in recent months. Since the annual lease rate that a lessor
would need to charge is highly sensitive to his cost or acquiring cap-
ital, the analysis is based on exploring the effect of this rate over
a range of 5 to 25 percent.

3.0. CAPITAL RECOVERY PLUS RETURN

Capital &ssets are purchased in the belief that they will
earn more than they cost. One part of the prospective earnings is
considered to be capital recovery. Capital invested in an asset is
recovered in the form of income derived from the services rendered by
the asset and from its sale at the end of its useful life. If the as-
set provided services valued at $800 per year during its five-year
life, and if $1,000 was received from its sale at the end of five years,
a total of $5,000 would be recovered.

A second part of the prospective earnings will be considered to
be return. Since capital invested in an asset is ordinarily recovered
piecemeal, it is necessary to consider the interest on the unrecovered
balance as a cost of ownership. Thus, an investment in an asset is ex-
pected to result in income sufficient not only to recover the amount of
the original investment, but also to provide for a return on the di-
minishing investment remaining in the asset at any time during its life.
This gives rise to the phrase capital recovery plus return.

In this study, capital recovery is synonymous with depreciation,
while return is directly related to the rate of interest under considera-
tion. In economic terms the rate of return represents the percentage or
rate of interest earned on the unrecovered balance of an investment. The
unrecovered balance of an investment can be viewed as the portion of the
initial investment that remains at the time being considered, minus
depreciation.

4.0. DOUBLE-DECLINING BALANCE METHOD OF DEPRECIATION

The double-declining balance method of depreciation provides
for rapid recovery of capital in the early years of an asset's life.
Calculations for capital recovered for a given year, book value, etc.,
are based on a value which is twice the straight line depreciation
method. This may be expressed as:

DB=number of years 2of asset's life
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Consider the following example of double-declining balance depreciation:

First Cost = $5,000 Life = 5 years
Salvage Value = $1,000 Interest Rate = 6%

0 = 2 = .4

End Book Value Depreciation Depreciation Book Value Return on Capital
of Factors Factor For Year End of Year Capital Recovered

Year (0 - D) (Col .3) times Unrecovered + Return
(First Cost)

0 1.00000 5000

1 .60000 .40000 2000 3000 300.00 2300.00

2 .36000 .24000 1200 1800 180.00 1300.00

3 .21600 .14400 720 1080 108.00 828.00

4 .12960 .08640 80 1000 64.80 144.80

5 .07776 .05184 0 1000 60.00 60.00

As shown above, under the double-declining balance method,
calculations of depreciation for each year will not in general sum up
to the total depreciable amount over the asset's life. Since the de-
preciable amount is all that is necessary to account for, depreciation
should stop when the book value of the asset reaches the salvage value.
Also, in the example the depreciation charge for the fourth year was
first calculated to be (.0864) ($5,000) = $432. However, the book
value at the beginning of the year was $1,080, which is $80 above the
salvage value of $1,000. Thus, the maximim depreciation charge remain-
ing was $1,080 - $1,000 = $80 for the fourth year, and no depreciation
could be charged for the fifth year.

A quite different problem arises when the salvage value is
zero or very small with respect to the first cost. In this situation
the sum of annual depreciation charges over the asset's total life is
less than the depreciable amount. In order to account for this, either
of two procedures may be followed:

4.1 The depreciation charge for the last year of the asset's life
may include all remaining unrecovered capital, i.e.,

Depreciationnth year = (Book Valuebeginning year n)

- (Salvage Value).
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This procedure is sufficient when the depreciation charge for the last
year thus calculated is not too much larger than the depreciation
charges for the immediately preceding years.

4.2 It is permissible to convert from the double-declining balance
method to the straight line method at any year in the asset's life.
It is advisable to convert at that year for which the depreciation un-
der the straight line method exceeds the depreciation calculated under
the double-declining balance method. This "switch-over" is always pre-
ferable from the standpoint of taxes, but the necessary calculations can.
become quite tedious. [6]

Consider the following example which illustrates the calcula-
tions for procedure 2:
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5.0. BASES FOR COMPARISON PURPOSES

Lach of the bases for comparison have their advantages and dis-
advantages. Even though each is mathematically equivalent, it is im-
portant that the advantages and disadvantages be individually recognized
and taken into consideration.

5.1. PRESENT WORTH BASIS

The value today of a future sum of money at a specified interest
rate is called the present-worth of the future sum. This can be applied
to the estimates of all future cash flows, (e.g., annual rents, owner-
ship costs, etc.) associated with a proposed project to find the present
worth of the project for comparison purposes. This method works best in
those cases where initial investments are large in comparison to future

- cash flows. A disadvantage is that small changes in the interest rate
used in the calculations cause large changes in the results. Also, this
method is somewhat cumbersome to use when comparinq projects with dif-
ferent useful lifetimes.

5.2. EQUIVALENT ANNUAL AMOUNT BASIS

The basis of this comparison is associated with use of cost ac-
counting, which considers costs on an annual basis, and therefore, treats
depreciation as an annual cost. One advantage of the equivalent annual
amount basis is that it conforms to commonly used accounting practices.
A second advantage is that the period of time under consideration is
always one year. The amounts determined are actually a summation of
receipts and disbursements per unit of time. Since equivalent annual
amounts are based on a common unit, they are easi-r- to understand and
compare. Since people tend to live "by the year" and tend to think in
terms of annual disbursements and receipts, it seemis logical to make
economic comparisons on the basis of yearly periods. Because of these
advar.tages arid its general use in engineering activities, the equiva-
)--ot annual amount basis of comparison should be favored over either
the present-worth or the capitalized amount basis.

5.3. CAPITALIZED AMOUNT BASIS

The capitalized amount of a proposed investment at a specified
interest rate is the equivalent uniform annual cost of the investment
divided by the specified interest rate. It is usually very close in
value to the present-worth and is best suited for evaluation of pro-
posals with long useful lives and stable cash flows. The results are
somewhat difficult to comprehend, especially when. applied to short use-
ful lives. Therefore, it is rarely applied to proposals involving
periods of less than 30 or 40 years.
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6.0. CAPITAL RECOVERY FACTOR

The following symbols are necessary for the development of the
capital recovery factor:

i = interest rate per interest period.
n = number of interest periods.
P = present sum of money.
F = sum of money at the end of n periods from the present date

that is equivalent to P with interest i.
A = end-of-period payment in a uniform series continuing for the

coming n periods, the entire series equivalent to P at
interest rate i.

If P is invested at interest rate i, the interest for the first
year is iP and the total amount at the end of the first year is
P + iP = P(l + i). The second year the interest on this is iP(l + i),
and the amount at the end of the second year is P(l + i) + iP(l + i) =
P(l + i)2. Similarly, at the end of the third year the amount is
P(l + i)3 ; at the end of n years it is P(l + i)n.

This is the equation for the compound amount, F, obtainable in n
years from a principal, P,

F - p(l + )n.  (1)

If we express P in terms of F, i, and n,

P i)n (2)

P may then be thought of as the principal that will give a re-
quired amount F in n years; ;n other words, P is the present worth of a
payment of F, n years hence.

The expression (I + i)n is called the single payment compound
amount factor. Its reciprocal 1/(l + i)n is called the single pay-
ment present worth factor.

If A is invested at the end of each year for n years, the total
amount at the end of n years will obviously be the sum of the compound
amounts of the individual investments. The money invested at the end
of the first year will earn interest for (n - 1) years; its amount will
thus be A(l + i)n-1. The second year's payment will amount to
A(l + i)n-2; the third year's to A(l + i)n-3; and so on until the last
payment, made at the end of n years, which has earned no interest. The
total amount F is A[I + (1 + i) + (1 + i)2 + (1 + i)3 +. . + (I + i)n-].
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" A l + (I f i) + (I + F + (I i)n-2 + (I + i)n-l]. (3)

Muiltiplyini'l both sides of the equation by (I + i),

(1 + i)F = A[(!. + i) + (1 + i) 2 + (1 + i) 3 +

+ (1 + i)n - 1 + (1 + i) nl] (4)

Subtracting equation (3) from equation (4)

iF A[(l + i)n - 1]

Then

A F i) (5)
( + i)

n -1

A fund established to produce a desired amount at the end of a
given period of time by means of a series of end-of-period payments
throughout the period is called a sinking fund. The expression,

i
(1 + i)n - 1

is called the sinking fund factor.

To find the uniform end-of-year payment, A, which carn be secured
for n years from a present investment, P, substitute equation (1) for
F in equation (5):
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S (I + i) - 1 (I + W - 1

[ i(l + i)n  ] (6)

S(1 + i)n -  "]

lhis mdy also be expressed as

A Pn-1 +

This expression,

i( +

(1 + i)n-

is called the capital recovery factor. As shown by its identity with

(1 1 i)n  I

it is always equal to the sinking fund factor plus the interest rate.
When multiplied by a present debt (which, from the viewpoint of the
lender, is a present investment), it gives the uniform end-of-year pay-
ment necessary to repay the debt (the lender's investment) in n years
with interest rate i.

To simplify presentation, the capital recovery factor will be

identified as (APi - n), with appropriate values for i ar:d n, in the
subsequent material.
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7.0. DATA

The cost estimates provided by Hallanger Engineers, Inc., were
reviewed by personnel from the U.S. Army Engineer Division, Huntsville.
It was determined that the report was a "worst case" type design and
included items that most likely would not be required for actual con-
struction and operation of the facility. Consequently, the Hallanger
Estimate was revised by the U.S. Army Engineer Division, Huntsville, and
it is these revised estimates that were utilized in this study.

The cost estimate was broken down into four modules as follows:

Module I - Storage Site Facilities
Module II - Dock/Terminal Facilities
Module III - Transfer Facilities, Dock to Storage Site
Module IV - Land Acquisition

The cost estimates provided are shown in Table I.

These cost estimates must now be restructured such that the
modular costs are entirely complete. This restructuring is shown in
Table II.
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TABLE I

Cost Estimates

Storage Site Module $187,547,490
Dock/Terminal Module 24,961 ,599

Transfer Module 4,626,531
SUBTOTAL 1 $217,135,620

Contractor Overhead (15% of Subtotal 1) 32,570,343

SUBTOTAL 11 $249,705,963 -

Contractor Profit (10% of Subtotal 11) 24,970,596

SUBTOTAL 111 $274,676,559

Bond (1% of Subtotal 111) 2,746,766

SUBTOTAL IV (Subtotal III plus Bond) $277,423,325

Land Acquisition Module 6,130,000

TOTAL $283,553,325

NOTE: The construction costs were based upon Huntsville and

then adjusted for the East Coast area using a location

adjustment factor of 1.17.
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TABLE II

Modular Cost Estimates

Module I (Storage Site) $239,620,051

Module II (Dock/Terminal) 31,892,187

Module III (Transfer) 5,911,087

SUBTOTAL I (Depreciable Assets) $277,423,325

Module IV (Land Acquisition) 6,130,000

TOTAL $283,553,325
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7.1. DATA ANALYSIS

The primary object ive of this study is to evaluate the economic
tradeoffs which exist between the purchase and lease options concerning
the proposed Regional Petroleum Reserve storage facilities in the
Northeastern United states. The simplest comparison involves the eval-
uation of the two options on the basis of an equivalent annual cost
comparison.

Cost to Purchase:

Assume: 1 = 10%
n = 20 years

Salvage value -0
Initial investment = $277,423,325

Equivalent annual cost = initial investment (capital
recovery factor)

AP 10-20
- $277,423,325 (.11746)

W -$32,586,040/yr.

Cost to Lease:

Assume: Government i = 10%
Contractor i = 10%

OM n = 20 years
Depreciation = Straight line
Salvage value = 0

Initial investment = $277,423,325
Equivalent annual cost = [initial investment (capital

recovery factor)-
j depreciation value]

AP 10-20
= [277,423,325 (.11746)-

13,871,166]
=- $32,586,040 - $13,871,166
= $18,714,874

* - Consequently, the lessor will not accept less than $18,714,978 to enter
into a lease agreement with the government, based on the given
assumptions.

Hence, the bounds for the buy vs. lease situation in terms of
dollar cost to the government on the basis of equivalent annual cost
with i = 10%1 are:

$18,714,874 < cost of lease < $32,586,040.
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Consider now the effect of a 10% salvage value.

Cost to Purchase:

Assume: i = 10%
n = 20 years

3Salvage value =$27,742,332
Initial investment = $277,423,325

Equivalent annual cost = [(initial inv..:stment -salvage value)
(capital reccvery factor )] +
(salvage value) (interest rate)

AP 10-20
=($277,423,325 - 27,742,332) (.11746

+ (27,742,332) (.10)
= $29,327,529.+ $2,774,233
= $32,101,762

Cost to Lease:

Assume: Government i = 10%
Contractor i = 10%

n = 20 years
Depreciation = Straight line

Salvage value = $27,742,332
Initial investment =$277,423,325

Equivalent annual cost =[(initial investment - salvage value)
(capital recovery factor)]-
depreciation value + (salvage value)
(interest rate)

AP 10-20
= ($277,423,325 - $27,742,332) ( .11746)

- 13,871,166 + 2,774,233
=$18,230,596

Hence, the bounds for the purchase vs. lease situation in terms of
dollar cost to the government on the basis of equivalent annual cost with
i = 10% and a salvage value of 10% with straight line depreciation are:

$18,230,596 < cost of lease < $32,101,762

It is noted that the lower and upper bound for this example are $484,278
less than those for the previous example. This $484,278 is the amount
associated with the 10% salvage value. It is commion to both the purchase
and lease alternatives, and consequently has the same effect on each.

However, these examples may not be realistic because of the 10%
interest rate and the straight line method of depr~eciation utilized for
tht- lessor. Consequently, interest rates from 5% to 25% have been con-
sidered, together with the double-declining balance depreciation method,
in the material contained in Appendix A. Appendix A material was generated
with the computer code contained in Appendix B.
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Computer Output Explanation:

Consider Table III as a typical example of the output associated
with this economic evaluation. The portion of the analysis under con-
sideration is given by t he computer generated heading at the top of the
page, which in this table is TOTAL. Immediately under this heading are
six distinct items, which identify the pertinent parameters under con-
sideration. The first item is the initial investment, which represents
the total amount of funds involved in this portion of the project.
Second is the salvage value of the project at the end of its useful life-
time. Third is the interest rate involved, which is designated as i in
the equations. Fourth is the estimated lifetime of the asset, designated
as n in the equations. Fifth is the capital recovery factor, which is
calculated from the capital recovery equation, and is a function of i
and n. Sixth is the equivalent annual cost, which represents the end-
of-year cost for each year of the asset's lifetime.

The remaining portion of the table consists of five columns of
information. Column 1 identifies the year of the asset's lifetime.
Column 2 represents the end-of-the-year permissible depreciation amount
for the asset under consideration, utilizing the double-declining oalance
method of depreciation. Column 3 is somewhat more complicated. The
first eleven values in Column 3 represent the permissible end-of-the-
year depreciation amount if the user switched from double-declining---
balance depreciation to straight line depreciation. However, the switch
does not transpire, in this example, until year 11, at which time the
depreciable amount becomes a constant for the remaining lifetime of the
asset. The values bounded by the vertical lines indicate the values
utilized in the calculation. Column 4 depicts the return realized on
the unrecovered asset amount for a particular interest rate. This
amount may be viewed as the interest charge for the use of the capital
associated with this project. Finally, Column 5 provided the summnation
of the permissible depreciation amount plus Column 4. Thus, Column 5
identifies the summnation of the initial investment recovered plus the
return on the unrecovered investment.
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TABLE III. Typical Cc-puter Output

TC TA L

INITIAL INVCSTMLNT =$ 77423$25.
SALVAGE VALUE =J.

INT7REST (%) = I .
LIFETIME (YEARS) ,
CAPITAL RECOVERY FACTOR = .lb67
EQUIVALENT ANNUAL COST = $ 46792167.

DEPRECIATION ($) CAPITAL ($)

LCJUBLE RETURN RECOVERE)
'ECLIING STRAi HT ON PLUS

YEAR BALANCE LINL UNRECOVERED RETURN

1 2774:3Z. 13 7116. 44317731. 72130003.

2490099. 1314115. 39943958. 64917057.

L2471,89. 124F4 C ,. 35954062. 52425351.

4 2C22416u. 117c5 5. 32358656. 52582817.

S 1621744. 113 7ctGG. 29122791. 47324535.

lI3o1570. 1-,Y21C47. 26210512. 42592082.

14741413. 1 531Ou9. 23569461. 38332673.

1%L69 7.. 10200973. 21?30515. 34499586.

9 11942165. 9 '518!j4. 191-17463. 31049628.

1. 10747948. 977%.L 2. 17196717. 27944665.

11 9673154. ')7'154. 15477046. 25150199.

12 c7J.5z3c. 97-1)4. 13929341. 3602495. -

13 7,352 5. 9t7-14 . 1.391637. 22u54790.

14 7C3172Y. 9731;4. 10833932. 20507066.

15 6346556. 9673154. 9236228. 1S959381.

it 5711Y01. 9677-154. 7738523. 17411677.

17 5140711. 957Z154. 6190819. 15663972.

4 L6:;4C. 9 4647114, 14316268.

19 41% '76. 9t7SI 4. L095410. 12768563.

374757 . 9673154. 1547705. 11220859.
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Realistic Cost to Lease Example:

Assume: Government i =10%
Contractor i = 16%

n = 20 years
Depreciation =double-de!zlining

Salvage value = 0
Initial investment = $277,423,325

This analysis is not as straightforward as the previous. Ob-
serve that Table III provides the necessary values to assist in making
our decision. The column entitled RETURN ON UNRECOVERED CAPITAL provides
a year-by-year evaluation of the expected minimum return to the contractor
if the contractor interest rate is 16 percent. Recall that this example
assumes the government interest rate is 10 percent giving an equivalent
annual cost of $32,586,040. Consequently, the contractor return on un-
recovered capital exceeds the government purchase cost for the first
three years, but is steadily decreasing after the third year.

0 Thus, it appears advantageous for the government to lease under
these conditions. Note however, that in every case where the government
i = contractor i (i < 25%) it is a clear-cut decision in favor of leasing.

One additional situation requires consideration. That is, what
conditions are necessary for the purchase alternative to be more favor-
able than the lease alternative? Obviously, the government interest
rate would have tc be considerably less than the contractor interest
rate to offset the depreciation effect. There are a number of different
combinations possible which are most easily acquired through computer
manipulation. For illustration purposes, consider the following example:

Assume: Government i=?
Contractor i =20%

n =20 years
Depreciation = Straight line

Salvage value =0
Initial investment =$277,423,325 A 02

Equivalent annual cost =[$277,423,325 C.20536 )-$13,871,166]
= $56,971,654 - $13,871,166
=$43,100,488

We now go to Appendix A and search for an equivalent annual cost value
< $43,100,488. It is noted that an interest rate of 14% gives an equiva-
lent annual cost of $41,887,038 while a 15% interest rate provides a value
of $44,321,557. ThVS, we see from this example that the difference in
interest rate for the purchase vs. lease alternatives is approximately 6%
for this example. This delta in interest rate between the purchase and
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lease alternative will fluctuate around the 6% value depending upon the
magnitude of the contractor interest rate.

Let us now consider a 10% salvage value for the previous example.
The calculations become:

AP 20-20
Equivalent annual cost = [($277,423,325 - 27,742,332) ( .20536)

- 13,871,166 + 27,742,332 (.20)]
=$51 ,274,489 - $13,871,166 + $5,54P,466

= $42,951,789

Searching Appendix A for a value < $42,951 ,789. we find the appro-
priate interest rate to be 14% or less. Thus, whenever the contractor
interest rate is 20%, while the government interest rate is 14% or less,
it is more advantageous to purchase, considering straight line depreci-
at ion.

The calculations necessary to make a similar analysis considering
double-declining balance and a salvage value are beyond the scope of this
study.

8.0 CONCLUSIONS AND RECOMMENDATIONS

The purpose of this study was to evaluate the economic trade-offs
which exist relative to the government purchase alternative versus the
government lease alternative concerning storage facilities for No. 6 fuel
oil in the Northeastern United States. The approach taken identified the
Parameters, and then provided a number of possible conditions which could
occur. In particular, interest rates range from 5 to 25 percent, with
an asset lifetime of 20 years. The asset salvage value is assumed to be
zero.

The most advantageous method of depreciation for a contractor
was selected, namely double-declining balance. This permits the evaluation
to utilize the optimistic approach for comparison purposes.

The basis selected for evaluation of the ,o alternatives was
equivalent annual cost. The material contained in mppendix A very
clearly indicates that leasing is superior to the purchase alternative,
from the government's viewpoint, when the interest rate is the same
for the government and the contractor. This situation very clearly re-
flects the effect of depreciation upon economic analyses. Since the
government does not depreciate assets, and does not pay taxes, the ef-
fect is very pronounced. It is not envisioned that the contractor will
utilize a depreciation method which would be detrimental to his financial
status. In most cases, the method of depreciation selected will be double-
declining balance.
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When the interest rates are different for each alternative, it
is necessary to select the appropriate computer output for each, and make
an individual comparison between the two alternatives. Consequently, it
is not possible to recommnend a particular course of action when the alter-
natives utilize differing interest rates.

This study was merely a starting point for a very complex situa-
tion. There are several other methods of depreciation which may be con-
sidered. Further, the capability of identifying a salvage value other
than zero would be helpful. Also, the capability to consider non-
integer interest rates may be necessary for some situations.

In economic decision situations of this type, it is frequently
impossible to completely remove the human judgment element. Selection
of interest rates falls into this category. Consequently, the avail-
ability of output for various conditions can be of immieasurable assist-
ance in selecting the proper alternative.

P,-
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APPENDIX A

Computer Code Outputs



T C TA L

I ITIAL l'tVEST"ENT 7 ? 4. 2 23 2
$ALv' uE V LL;L =- '

LTNT ) ' S (') = 5,

CA~ 'AL P..CC iY F A CT
EuI VALENT At.NUAL COST 2 2c11 .

& P E iC AI ' P. CA I T AL (S)

.T RN kFLOV:kFL
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L ..LA NCc L .  L, , '-COVERFD RtTUPIl
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4~415 -1~O4.345214?.

1174 4 3T° 11235645. 337C6933.

2 2 2 4 1( 1 1 ?, 5c 1 112t 0 . 3%'336241.

c 1 I744 1 t) ( I C 8 7 2. E7 4,,2t17.

I I 1 .-47 . )1907-^5o 24.572-755.

7 1 t.7 ? 1 .I 5 1 7371707. 2 2115r1 1 Q

139 7 . 1 • c ,!45:6. 19 y36%;.
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o¢ 76 ;I541 435 919. 14u20')7-7

1 7:5255. "57.154. 3F6Q262 13542415.

14 ! 2 .9 7 1 4 3 56C4, 13038759.

I 6 6 5 .e,1 4 :194 6, 12575101.

5 1 .1711 . 7 T 1 4. 193 4 63 1. 11t 7765.

4 C-ml-40. € 7 1 . 145 0973. 11124 1 e7

4. - -7316.

3 7 o 7?. 1 4. 4 3 6 . 1 1 5 6 8 1.
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24 o c .131411 ,5. 1I 111859. 39946958.

4716c. 12 . 134,2773. 35954062.

4 2C'2416., 115r. 11L134496. 32358657.

5 lc21?44 . IJ921047. 29122791.

~16 6 :l57 0. 202C 7 6 89 2 2 1 t c12 .
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HNDTR-80-45-SP

LT V.L
' , "1 P" ) t1 .

C " ZI T A L C r Uw,',) A L 0"
CAL'ITAL 4" U 'Y tL AL

5V L "T E.L C AT - C A TAL

CU2L : Tr TjR R F COVERE
'E CL1.I ,G ST AI.,HT ON PLUS

YE tP -AL ANCE LI't 1 U RECOVERPD PETUPN

1 77 2 3L. 17:."11 . 4'.S'61Q , 77t7L530.

,1714111" . 4,,.,4 57P. 0991067,7 .

4 ' ,4432C . b291960 9 .

4 i 11 4 14> 4 5 * 76

c 1 L.,l 7 4 . 7 7  t,"'X14C. 509648 4.

6 1 1C921 4 .7 2Y4 6a26. 458683,6.

.C 7-, 1CY&U. 2• ?4329. 37153401.

1 2 1 e- 5 . 9 9 1'- 214 i~e7. 34et

I" I'74, 4-& . 977 'o-,o 1 ) 46317, 37044255.

11 c' 7 -15, , C A 1 4o 17411!e76 . 27,u84P'-,O.

17' .c , " 1.,'. 15 c7: ' . 253436C " .

1 -, cc.r "; - . 1J'-.'"Q741.3 ?Z b

14 7 I7 .1-lI7..I . 2 /1 132 F

15~ ) 4 o , C 3 ':1,', ,4..,71)rt . (12016lo

16 5 711 rl 1/ 1 t 77 65] ,I~ 7 9

1 -7 41'7 1 n6 . 7 q 6 4. 1 •166 7 25,

1)4 /6, - o5 " 7 1--4. " 5 '4 i-. 6 q

17 41 3' 1 4 . 1 7 41 . 1 5 40.

C-A-14



HNDT-80-45-SP

T

-I1T '.AL 1! EST - .7.T7 3.

AATL %)COVLI Y FACTJU* R~
LI VA L iT A WJP-L C CT 377~.

RT JR N kzECIVERED
V T T1 1 A I .HT ON PLUS

L t~AIC~ : JUNkFCOiVFfRFD %tTUPt.

111lc. 474393Sb. 72407si7.

1 'c~ 1 3~ 527Q?21~e. r59~.

P_ 14,1 2 7 1 1c C. 9 "132. ~ 45'2?77.

1 '~ '21 2 42755F ..

12 U ~~. . 1 7. ~4193 24

1' 7 c 7 44C3~ ~ 437~

1 1 7 0'714 1123 1 4. 1

7l '"1 .y' 11 )2739 i 9.v

C-A-15



HNDTR-80-45-SP

T TAL

I:,TT -L I," ST" T 77L,'=i5
" ALV Au. VALIt.
!(Ti i-'t ST (C ) ,
LIFL 1l,.'L (Yt ') -AK
C(APITA L CJ ,t Q Y FLT D = L

At II AL N T A Ut Lt CiS ' "U ,

F r' Ecu rio' ( CAPITAL (S)

D 0b Lr kTUR" RECOVERED
DECLI',Il% G STR4., HT ON PLUS

YeAk BALA;.C Li%,- UNNECOVERED RETURN

1 :77 .. 32. 1 _ :11 ,. • 554,4664. c03226t'9, .

')11L11L . 490361C . 74Y-4297.

'2 2 7 1,, 124 ,.C, . 44942E570' 674!13 67 .

L, 4' Z 16 . 1 1: L, , 4 v4 3 1 00")72481.

L- 1 2 17 4 ,. 1 13" 7 ; A 36 4 J 4 5 . 54615237 .

SI" AI ?1. 1Av . 7. 2 17 6 14 ,. 49144710.

1 4,''41 . 1 1 ',4,- 6e2t. 44210 39.

I L ,. . 2 t5S-1L4. 3 7215.

1. I1E 4.429. 3526494.

11 97 ' '  
.,

7L?,47 21 32243E45.

,, .,1t,.? ,,. .1 "4. 1931-e!07. 29,019461 .

7 "4 17411676. 274 3

17 1547701 4t. 25150209.

14 5b 17 9.67,1 . 1654Z2415 . .3,15569.

1S ~ ~~~~ c , 5 . "; ', ,4. 116 7 5.1 " .' .

V ~ 1,..t'!1. ?L"L194. 67524. 17.1177.

4-.-11
49 .1c :: 5 95 '31 4. LS 9 fl-, 1 75 4 2 416.

,7 7 7,;,. '76 7 , 1 ; 4 . 1e34t,6 l1. 11 t, -;7 7 t5 .

C-A-16



tiNVTX-bU-4- -SP

T ) r .

TX' T T ) i V ST

L .1 V L, (.;l A , ,I".) C" ,, ..

- r r'C1 T T- '. ( .) CAPITAL (S)

, TURN RECOvFREo
S T , H r PLUS

L ALFC% L,. J-REC OVFRED P ETUF ,

1 l 1 L F L 433 c0 8 77401137.

LJ ' 4 1 L ' .1 - ' , 4 7 1 0 7 7 . 6 6 6 9 9 6 .

1 4 7 7 . 52c' 949'.

I I.. I 1 1 *'..o*,". 564 2540 ~-

1 L? 7 27 65 0I. 41134122.

S11 ;.-. t: . X-1i'.. . 3" 0?71 .

'~~~~~~~ 7: "'1', . - " ' z 69 1 .333186 40.

,,31622. 2C17676.

1" '7 ?,7 u .,:. 7 4 ye5 2 U 27, 14 .

7- -1 1 ;z. 1,25 95 . 9 6,24 .

1 r 1 ,'1 . 1 IJ15' dI2. 1 ? 9('65 .

C. 1 Y 1 7 1 4* . 125 4 5 0 * ",6(

"  4L 'c( . '. "1 4. 4,C^'94 7. 1 7 67-41. 7 4

!1. ,'7e. 7 1. t'):272 . 1 '735F7 .

, 7 ' 1 , 11 7. 4 l "17

C-A-17



HNDTR-80-45-SP

V T ;L

T" T 1 1' L T''v 'T .T T ? ",

C.,LV.V VAL'-•

L1 F(T1'"' (Y , , = .

L JI,L T , UL CI F L T

' CEC Ir '. (7) CAPITAL ($)

C LL ;,. TI CA i - I j)N FLUS

VLA IA .C- LI". ft C VE .D P ETURk

* 1 1 'c 1' I" .1' 731Zi, .. 775462.

11~4"-; . 17 79 q7916.

S4 t4.i . 11 1 c4?173 1 3 .

I ? 4c': 4 '1 3 7 5Q2451 304

14,: ... 1? . 11. ' 5 2 4. 01 .

1 .1 * 1 5F 4 424210 4 .

-' . ,. 1J .1L,. I > :clg '. ~ ..... . '

1 2., .17' 577 . 423 -L'14C 2

,11 , 1 _ 7 ,, :1,. . , 4S47, -)4 49314 6 .

1 7 5 7 4. 1,.•': _1: .1 ' ,2'4 .2 9

1, L f, I,., 7 t, ' ,. 2 2 17 17•

,~ ~ 1 3 . 7 5 5', 2 1?2

I,41- 7' 1 t,-, 1 4. 4 I 3 e II ' 29
*1" z, . . . -7 i; ,. cV: 4 ., 2 . 16AST74":6.

1. P 4-11 4 P

c-A-18



HNDTR-80-45-SP

TC T AL

t , r i / L * .'i S . T S I % T
C~ , 'AL'u. :- 'i,

I,, VA I, L " A ' r.

Zr OEC!4T" ijl (d) CAPITAL (S)

L L R TUR r. KEC')VEkED
D CLIf, IG .T7A IHl ON FLUS

S. 7? .. 7 3 . 915.9696

"'1-1 4 11. -74.26 27. 623947L6.

-. .' 4,.- .155254.

- . _ 1. 4 51F569. 667397.9.

41,;,4012. o^065756.

5 2, 1 1 , C. I 1 7 . 77671.611, 5 .5 91 dI.

-, ? 1 1' 1'7I'. 7 39)Q650. 4.bo532o3.

1. 7U5"e 43787937.

-,;4 11 16 -1"5 9 1 . 7 6 3Q4,0914: .

i i;7
7 154. " <" :I .-. ?2Z4?23. .31 214 7.

4 4'7953 L2~J.CI , ' - - - r3 . 17,7

7 3 77 3 .

- 1 " -~5- , 1. '7: 1.. 2. 1 7:2456.4- 71 4" 4 7 1. -1" 7 o;z.I 1 tI" .- t, ?

74717, . 2, 2 2 5 .I .,,t 7':14. 744"7. 1 9127<t.

C-A-19



HNDTR- 80-45- SP

T011T AL

INITIAL INVt-ST'-LNT S 7/L'!3259
SALV'AoE VALUE

LIFETIME (YEW,~)
CAPJTAL PECCVP~EY FACTR =0243
'UUIVALi.NT AN"%UAL COST = 614.95373.

OrFECIATICON (:)CAPITAL ($i)

£ CL~RL.TURIK RECCVFkED
DECLININC S TPA I hT O N PLUS

Y EA F EA L AN C E L i N UNIRECOVERED PETUFN

1 Z77'.2.13c. 133711o,,. 6t~5a159;7. ~ 9432392P.

2 24Q'ti S. 131411U5. 59921437. t48r,1536.

3 224714&~9. 12494C'(. 53931094. 76402383.

4 Zu112416C. ll-irtl-c. /-b537985. b83762145,

5 1L2 1744. 11 37C)Lyr.. 43t64186 . 61865931 .

6163-1'0u. 1ozl1G4l. 3Y315766. 556973T38,

7 1474!41!. 105W9(%. 353-14101. 501276U4.

S 1?Q~2. 1J~9'.71845772. 45114E44.

9 119'.2165. 9951 4. ?666111;5. 406033cib0.

10 1 G7 ' ' 4c . 9 7'.2 . 25?i 5C76. 36543n24.

11 9e35.96?..11,4. 2.32155te. 326F-b722.

13 7 35%S5. 367-31-4, 1,-57?4c55. 28245609.

14 765172Y~. 067jl1 4. 16250896. 2E91,4052.

ir -4r C?149 13929342. 36%2495.

1a4 6. 6c 4C 7A 4. 69 ,4671. 166!7. 5

37.SU '.'14. 23 21556 11994711.

C-A- 20



HNDTR-80-45-SP

:N:TIAL IrNVFST-LNT- 74Z.
ALVA(E VAL;E.

LI F ETI it ( Y E A iS
CAPITAL rECOVtY FALTOR
F6LJIVALENT Al.,'NLJAL COST =I 7cl;14774.

b: PECIATION (1) CAPITAL (S)

;ICU3LAF Rr-TURN kECO'VERED
DECL!Nlf'.G STRAIL HT ON PLUS

YLAR bALANCE LINL U)NNECOVERED RETURN.

1 274.iL 3'1. ~ Sa3.9709E 1T.

171411 5o A-2420248. 87S1?6747.

224712?9. 1243419d-. 5617P,223. 7c-649512.

4 l11 %c565. 5L'5t4Olo 7,'7F45o2.

16 5i lr'21'347. 4. Q53925. 5'3354 5.

3 3 17 2 638726. 4 64 417 5 1

911 '14771e,5 P 49 51 4 2 8 5 54 12. 417; 7577.

1 17 C4. 9 7' -co 26Eb9871. 3 7 17 .1.

n 5(t7Z1154. 21764596. 3 1 43 7

1 1 f 26Pt %7 L1~ 1;346308. z 9 19 4 b1

1 4 7',5 1 -2 9. 7- 5 109280190 2 t 1117T

967,14. 14509731. z41S25c .o

1 L~~C 7 254B66. 16 2 "L U.

C-A- 21



HNDTR-80-45-SP

.'CDULE 1 (STGRAGE)

INITIAL INVESTMtNT : 239k2cL51

SALVAGE VALUE = ',
!NTEVEST (%)

LIFETIME (YLAkS) =
CAPITAL RECOVERY FACTOR =  .06C24
FQUIVALENT ANNUAL COST = $ 17227734.

DEPRECiATION ($) CAPITAL (1)

"OU LF RETURN RECOVERE

DECLIN!NC STRAIoHT ON PLUS

YEAR BALANCE LINL UNkECOVERED RETURN

1 22%22.r5• 119 1C .2• 11981002. 35943007.

2 21t5&4. 113543, 107'2902. 3?346707.

3 194Cg.24. 1 702. ;7 4612. 29113F36.

4 I 7 c 3 I, 102o 7472. _734151. 26202452.

5 157?21472. 9h9aJ. 7E601736. 235;2207.

6 141403?5. 94X?333. 7074662. 21223967.

7 12734.;2. qa95994. o367196. 1910158R.

- 11409TK3. 81%11. 5730477. 17191429.

q lC314c(5. ;SQ 715. 5157429. 1547227.

1192372. 46'41686. 13925C58.

11 5355 5 4177517. 12532552.

12 7 51 1572. S35.)C2s. 3759766. 12114801.

13 e ,3767575. 3Z42014. 1169709.

14 60912-21. E3%5. ;24262. 11279297.

15 54t1 719. .5 }3 o 596510. 86 5 5

17 444-nLC"c. S3:2: . 167 ,0 0 7. 1162t)042.

I 3(915L. 1253255. 9 bnb290.

19 35 90. 83550 5. P 5503. 919o538.

20 3236L12,. &-3:55. 417752. 7767E7.

C-A-22



HNDTR-80-45-SP

I~ ~ ~ T IATL1 AGV T)

'ALVAuE VALUL
i %.T -P F S T ( *,,)
LIFET~mL (YEAKS) -2k:

CAPITAL P,-CCVLPY FACTOR =C71
F['UIVALL:NT ANM.IAL CCST = i1~

D PECATG ) CAPITAL (i)

V-'U ,LC krtTURN RPCOVFRED
DECLINI!NG STRAILHT 0f P LUJS

E A P PALArCE L I L UNRECOVERED ET UR N

1 19-;l5 k'12. 14377203. 3F3-79207.

-21~5&t4. 11 35, 4 ". 1297,9483o -s45527

1 l42241r 7% 9: -2 l1 c)45 57 4 31J54'5F.

4 174-,.M)1. lC27541i. 104a0OF1. e-794.9282.

1~7~'.7. ~ ,259C, 4326F3. 25154354.

141'?~25. 9'.!2Sc3. o48Q595. 22t36-19.

7 1L7344 0 2. Q9DV4. 76406!5. 2)375^27.

114ti)53. slil11$;. o 76572?. 1F '37r2 .

1 14 t 5 9 .S 7 15 c1889 15. 16502772o

Yc.!12 F4 4q 5570023. j4o5373 5.

3 ,1011 5ie: SC3C? 1 336 C56.

1 ~ 3 0E$,. -. 010417. 1236545 2.

1 5 5 4 17 3~ 35 5 3 5 3oo781 3 1 1.64P7.

1 5$651C. 1 ~14.

3 -- 5,) . -: 276n4

323'il. S~35 5l3C2. %tc337.

c-A-23
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HNDTR-80-45-SP

.'COULF 1 ( T jEA5L)

I1ITIAL IVESTMLNT 5 =5LUS1.
SALVAGE VALUE I
rNTLREST (%) - 1.
LIFFTI"E (YEAkjs z 0
CAPITAL PECOVEqY FACTOR = ,.Y439
EiUIVALENT ANNUAL CijST = 2.26U438.

uEf-FECiATION ($) CAPITAL (S)

LQUPL! RETURN RECCVERED
DECLINING STRAIGHT ON PLUS

YEAR LALANCZ LINL UNRECOVERED RLTURN

1 239e200 . 1161C t. 16773403. 40735409.

2 21565t... 113!54el. 15196063. 36o61867.

19404K24. 1O7%9L2. 135o6457. 329Q56E.

4 1?4Cd93n. 1027?472. 12227611. 29696112.

s 157214?2. 982'9C. 11905030. 26726502.

6 1414Q325. 943Z'o3* 99)4527. 24U53852.

7 12734392. ;1959 4. 6914074. 216484b7.

5 114t0q!3. 881011P. 8022667. 194E3620.

9 1031465b. P5'#715. 7220403. 17535258.

1' 92b337,. 843v49. 6498360. 15781732.

11 e355v35. S3S50!5. 5848524. 14293559.

12 751?532. 33%0 5° 5263672. 1361870 ".

13 67o776. .55C3 , 4679819. 13033854.

14 , .,, 4 Z!967. 1244'4002.

15 54, 17?9, S35C'lS 56 15. 11bt41 50.

16 443515. C .4262. 1127929?.

17 . 13.5%5. 2339410. 1fn9'4445.

1E 3917614. &35D0:,. 1?54557. 10109592.

lC 35'55'9'. ?3sC3l. 116?705. 9524740.

2fl 3 1612. 935%C,. 564852. 8939Fb7.

C-A-24



HNDTR-80-45-SP

IL'LE 1(TOPAGE)

'INITIAL Ir VESTmtNT 2 v2jl
ALVAL(l VALuE-
!NTrFFST 0')
LIFETV'lL CYLAS) 2C
CAPITAL RECCVERY FACTOP =.1 5
FQUIVALENT ANNUiL C6JST =

LFFRECiArIcO ( CAPITAL (S)

L)UPLE RETURN kECvFFkED
DECLINING STRAI HT ON PLUF

Y-R;'ALANCE LlNc- LNRECOVERED PETUP4

1 Z!;L2CC5. 11C.2 191et96'P4. 43131608.

S 25%4. 1135'44-3. 17252643. 3 8c,16447.

31;409424. 15527379. 34y3660!.

4 17 431 12 73541. 13974641. 3 14 42 9 4

r 157L 1472. 96259,:,^. 125S77177. 2F298649.

1-.14 325. 9A3.30. 11319460, 2546E764.

1-f734*392. q959,4. 10187514. 229219 6-

19 145. S595715. ej?51886. 1&566744.
j r ~ jZ 4"7 440. 742669b* e1C~

11 e 3 5.3 5 . ~ 3 5 ' 5 . o68402o. 15c-,906!.

12 751r5722. 60Uc c15625. 14370660l.

11 67rc'-7c. .5'-47222, 13702257.

14 6'4--17, C5. 4618~19. 170354.

14 3 5(15 . 533 !4 2 014 . 11c '7 C4

17 r-%0 ~ &535 673611. ll-C 2b646.

-1 ~ 3,y61 F t ?35,5C3!. Z 05 2 CS 6o2~ .

1 33 6 813 r 6 . 9t?184,O.

Ll(12 6684039 Q023438.

C-A-25



HNDTR-80-45-SP

, L,/ULE 1 (SToRAGE)

I,ITIAL IrtVLSTrL-T ! L3y,2('51•
SALVAbE VALUE =
IT FIST (%) =v

LIFETIME (YEAkS) 2:•
CAPITAL PECOVERY FACTOR =  lj955

EQUIVALENT ANNUAL COST = $ 2c24;532.

EPCIATICJ (. ) CAP:TAL ($)

CFLF R'TURN RECOVERED

DLCLINING STRAIHT ON PLUS

YiAF. ;ALANCE LINL oNRECOVERED RETURN -

1 2392-2C5. 119 1%2. 215t58C4. 45527809.

Z1 65t( 4. 113 5.4 ?• 194C9224. 40975028.

194vQ 24. IZ7J 9'. 1746F302. 36877525.

4 1?4 4 tI ,275 4 7 15721471. 331?9773.

5 157,147c. ?S' C. 14149324. 2987u796.

, 14149!25. 9434 . 12734392. 266S3717.

7 1272$2. e. 11460953. 24195745.

114,0 53. 381 11. I0714b5d. 21775811.

9 163I 4 c5. :5'571l5. 9283372. 19598230.

10. 9 7t • £ 4;4,.s. c355035. 17636407.

11 Z.) 5. 835 ;5. 75195-1. 15874566.

12 7 5 1 5 2. o3~! 767578. 15 1?226 13 .

I! 67757o. 3 6015625. 14370660.

14 6u9it21. E35 (2.5. 5263672. 13616707.

15 54c1i'9. 3T 015. 4511719. 12666754.

16 4933,65. E35 C . 375?766. 12114P01.

17 44o0 X.. 3%035. 39%7813 . 11362847.

1F 39961o. P353.S. Z255859. 10610894.

19 359At9. 530S. 150390o. QE85941.

21 3 36912. F355 5 751953. 91'f6988.
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HNDTR-80-45-SP

,O.LLL 1 ( TORAGE)

IITIAL INVLSTmENT I 23'tC51.
S4LVAGE VALUE
It,Tc-:CLST (%): .

LIFETImE (YEARS) 2,.
CAPITAL PFCOVERY FACTUP = .11746
FQUIVALENT AWUAL COST = i 2t145ob1.

OEPPLCIATION (S) CAPITAL (S)

DC&3LF RETURN RECCVERFD
DECLININC STPAIHT ON PLUS

YEPR UALANCE LINL LNRECOVERED PETURN

1 2iu05. 11C°1 2. 23962005. 479240C9.

21~5 5 . 1135'4&3. 21565S04. 431316019.

19 92 jl4 17 F . 19409224. 3%18448.

4 174c-?3 1. 1 'Z7?24,. 17468301. 34936603.

S 15721472. c 59 . 15721472. 31442943.

14.149325. q4725c3. 14149325. 8296649.

127 3'2. 99594. 1734392. 25468764.

114c03. P31c011. 11460953. 22921906.

1Q314t5b. b59 71S. 10314858. 23d29715.

1r  7 84 34 423372. 1EC66744.

11 83,15"If. 63 355035. 15710C7P.

1 75153 . 355C35• 751953 1 1567456t.

13 6 7 07571. 3 5%5. 664028. 15Q39063.

14 e?1. ?552.5. 5F48524. 14203559.

Ir 54t179. 5355035. 5)13021. 13368056.

1 41L2365. E53.4177517, 12532!t2-

1' 4,p 4 5 5CC. 3342014t 11 97CC .

1,5 5 5. 250651D. 10 15

1 1 t 71007. 10'20042.

-A-35523 9190!30.
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HNDTR-80-45-SP

.',CubLF 1 (STORAGE)

INITIAL I? VEST EI:,NT = $ 1
SALVAGE VALUL
INT1FfST (Z) =1.
LIFETIME (YEAf ) 2t)
CAPITAL RECUVtPY FACTUP z .1255Z
rUIVALENT ANNUAL COqT = , 3 C,",44,.

DrFRECIATION (t) CAPITAL ($)

DOU:LF RETURN REC3VERED
DECLINING STRATuHT ON PLUS

YEAR bALACE LINt UNRECOVERED RETURN

1 239 62 005. 119%1\ ?. 2635g2C5. 50320210.

2 215c55 4. 1135.4..3. 237223e5. 45ZS8169.

1y4CV 24, 17F,%9L2. 2135014t. 40759370.

4 174cF- " . 10)27:,472. 192151! . 36tE3433.

5 157L1472. 325.. 172 3619. 33015090.

1414' 25 " e4 .r7,c3. 1 564257, 297135 .2.

1Z7-t4!-)2. %9), 94. 14O78x1, 2674L224.

114 i53 . 611i . 12607045, 2406b001.

9 133 4z5d, $59'715. 11346344. 21661201.

10 4-7'2, 4 , 1U 211704. 194950E1,

11 335r,35. 355 3s. 91 053b. 17545573.

12 751e53253z. 5 271485. 16626519.

13 67,6 57E. S35 5. 7352431. 15707466,

14 6 U 0:21. 13%%5. 643377. 147-8412.

15 54',1739. E3%c>5. 5514323. 13L69358.

16 49.$.d65. r5, 4595269. 1295C304.

17 3 ,3% , ,  5, 3676215. 12G-125n,

13 3 575716 2 11112196.

1 ° 3 5 9 , 3 C .1 I 1 0 1 1 3 1 4 3 ,

2? 3236,12. 35 ,t5. c19054. 9e74069.

C-A-28



HNDTR-80-45-SP - -

'OLLLE 1 ( T) RAGE)

INIIIAL IN.V ST4LNT $ 3 2,u 1-

SALVALE VALu=
iNTEvEST ( )=I .

LlPETI,*E (YEA S) k S2"
CAPITAL RECOvEPY FACTOR =
E UIVALENT ANNUAL CuST = S 3C64,;.

DEFRECIATI! N (,) CAPITAL I)

LKCUPLF RETURN RECOVERED
DECLINING STOAIHl ON PLUS

YEAR bALANCE LINL .NRECOVFRED PETURN

23,;2;c5. 11 9 1(tu2. 2e754416. 52716410.

21 i05c4. 113341.5. ?5878965. 47444769.

1-24.u2 23291069. 470'?" 19439e2 L.7  2 2 1 42700292.

4 174t'jnl. 13275472. ?&L19t2. 34302o3.

15721472. lJ2592). !od65766. 345F7237.

14 41325. 94 3 . Io97 1e9. 3112EF14.

12049 . ;594. 152 81271. 2F15663.

11- 5eo lc11i. 13753144. 252W497.

¢ Z14C5-. 393715. 12377829. 22o92687.

1 9 3 3 72. 43 4L9. 11149046. 2f42341 .

11 553--5. 0355G, . 10026042. 1A3e1 7 .

12 7 19 . 3.r5. 9123438. 13 7 6472.

133%735. 02 2 0 6 3 3 . 13758GA.

,4 7018229. 153732c4.

14,,739. . 15625. 143 7OcC'.

3 5 , fSC 501>y?1. 1

1v L7 .4: 4 5 C 4) 104 17? 1 2 ' 5452.

1;"'i' 1: . -' A)07613. 11.'2F47.

5 . 20052C6. 1 AC27.

72-t '' 1 )26 C 4 .

C-A-29



HNDTR-80-45- SP

I

1.-O LLL 1 (STRAGE)

!NIT!AL IN. r:ST%.l.T = 5
SALVAGF VALUE = 1
INT FtST (*.) 13.
I-IFETIME (YEA S) EJ.
CAPITAL RECOVERY FACTOR = .14 235
FuUIVALENT ANNUJAL CCST = 34110o21

I

DFPECIATION ( ) CA"ITAL (C)

D 0 L: TURN RECOVERED
DECLI JI ,N STRAI HT ON PLUS

YEAR LALACE LINt UNRECOVERFD PETJRNI I
1 23962C5. 119 1%. 31150606. 55112611.

2 215c50C4. 11'5,4 .. 235546. 49cC1350.

3 194;:?4. 17 9 . 25231991. 44641215.

4 174L 3,. 1.7 7 22 7)?79 2 . 40177093.

5 1372172. 9?9E'. 2L437913. 36159364.

6 141; 5 .4L Z:. 16394122 32543446.

7 1e734 2 . 90O9 5s4. 1c554710. 292?9102.

114c 53. 51c11 . 14599239. 26360192.

13]31455. 5715. 1342;315. 23724173.

S1? v~e 72. 4794,. 1E06'3 4. 2135175 .

11 3 5. E3555. 1J061543. 19Z16580.

12 7510132. 1135i35. 9775391. 11!3426.

13 6?t,7 5?7. t%. 662'236. 17044271.

14 609c21. 3%5. 76k,3382. 15956117.

15 5461779. t3 %. o516927. 1471Q62.

16 4933,65. '3%!3:5. 3430773. 13785SR8.

I. 44(t . 5* Q3C5. 4344616. 1269'965!.

19 39961 5. 325.4e4. ll1 349E.

19 35Th569. 137. 1730-q. 10527344.

21 3236vIL. l5 1 5155. 9441169.

C-A-30



HNDTR-80-45-SP-

~C LL[ 1 ( TRAGE)

INITIAL INVLSTvtiT e.9 '.. 5 1.I SALVAUF VALLE
IN7EPLST ) 4
LIFETIPE (YEARS) -2~

CAPITAL RECOVERY FACTOR
Ef:UIVALLINT AN~NUAL COST =~31~~Z

"FP"ECIATION Ci) CAPITAL (i)

JCL9 L TURN iRFCOvERED
DtCLINING S T R AHT ON PLUS

Y L R ~ A L ANC t L I NL UNRECOVERFD R E TUR N

1 2~2L5. 131.,E 35468C6. 575CO'811.

- 21:5-4. '1^43.!192126. 5175793%'

1 1 4 Q 24# 1 ) -, 7172913. 46582137.

4 7~.~~).1"2'7547r-. 2455622. 4lY2 3 9Z3.

- ~ 17.96t2'ThJ. 22010060. 37731531.

j&14 1 .93 2 5. 9431 Ez57. 19 8 09 0,4 . 33956379.

1Z7343292. 03?9,14. 178328149. 3"562541.

l14c~5.. 3111.10~45334. 275%o2e7.

1 1 4 5 e. F5Y$7175. 144408G1. -:47556518.

0 43!Y4L). 12P96721. 2%cUC093.

112S 3551)35. 11697049. 2% 52064.

7. 1 7~~ 2 . 3 5 ' 5 . 10527344. 1 E 92 3 7 9.

?35Sj~c.435739. 17?12674.

1 1zi .4,73Pi. 11 35 1510 - 7 1 F2 2 9. 153732C4.

17 L44"53C~zS 4678819. J!3338 4..

L1 :~i1 c 53~.5 5%9115 . 1 1c 4 1

1 17 3 5 - A, e 933941 -. 4

S335035. 11607,5.

p ~C-A-fl-



HNDTR-80-45-SP

IvOU 6 1 (z)TORAGE)

INITIAL INVIST~tNT 3eCu1
SALVAa VALUE
INTiPLST()1.
LJFET~vk (YEARS) 2.
CAPITAL kLCOVE.RY FACTOR =lsi
rQUIVALENT ANNUAL CCST = S 3t.2oO25v.

,EFEC IATICN ( CAPIl AL (S)

LGL'9L R;TTURfN RECOVERED

DECLINING STRAIrJT ON PLUS

YE ARF PALANCE L I NE oNRECOVERED RETURN'

1 239 o2J)S. 119Z1.2 !943OC7, 599'25011*

2 215tLc,4. 1135,4c-3- 12348706. 53914511.

3 1 ~40i2?4. 1 78c942- 2v 113836. 4E5230~60.

4 176'~.1275472. 26~202452- 43670753.

5157'L1472. %?259e% 235&'22C?. 39303678.

614140,125. q4'O ec3. 21223987. 353113311.

7 127- 1,jQ7* C3 9 v.191015Foc. 3183598C.

1G314%.. 5Th1- 154722F'7. 5714

v~2:Z. ~1 253c>. 23 0043O.

11 Q-5!135. ?3>C.1,5. 1232552. 206675d7.

o~i'h2. 3:c3.g 7 17174331.

1 51.l7'9 Lo35 5151 5c?5 6

4935c5 l?"26. 143117.

13 ~ 35C3. 35627. 142111.

17 44mrb35:'5. 53130211. 173681545.

3 yI 32~12 36. 37259766. 121O.l

C-A-32



HNDTR-80-45-SP -

CLLLE (~-2 qAGE)

SALVAJLE VALL
! .Tt i PES - ( ', )1 .

"ADITAL REiCOVLPY FACTOF =c
-wLIVALENT ANJAL CGST ='I1 4v41 vJ L.

'PPIECATI) rC( CAPITAL ($)

bU LE c' rETUR .R0Vf
DECLININC STPAI ;HT ONPLUS
LALANCE LI%", LNKCOVERED RTR

127YU2Qn5. llY2110u2. 7 c33'9 207. t73C1212.

71 tct-4. 11342-7, 74505286. 5C7~1

1 4 1 7 9 )2 . 10 5 4 7 !8. 56 3 9 o2 .

17 1C'.4 ~ -74Q'SQ2. 4541758S4.

17 4~Z 95,;. 2u3-75 0 27. 3 71 09t.4

4 5 L.E . lc.3 3 7 5 2 5. Z4'79 6 47F.

1 j14 t. ? 57 1 5. 1 -5C3772. 2 ,.51E630.

t.S. 1'.3 13Q5. 241 !67c)7.

3 1336,056. 21123cyl1

t; c? c 5-7 ?o 5 35 C3. !C ,94445. 1 Q 4v 4 7 9.

14 % 1 E3~.,57639. 17'12674.

15 4 1739 '2E 3  1775EE.

1 4. 64028.

4)11417. 1K642

C -A- 33



H1DTr-80-45-SP

, ULF 1 (.T(RAGE)

!N ITIAL IN VESI LNT r a 39 3 L51o
SALVAGE VALLE

:NTE rEST ('J 17.

LIFETI'E (YEARS) -2 ,

CAPITAL F2CuVL2Y FACT3R =  .177cQ
FGUlVAL %T ANNUAL COST = S 41573172o

D7 PECIATIO , ($) CAPITAL ($)

OU:-, L RFTUR RECOVERED

OFCLrNING STRA 'uHT ON PLUS

YLAk EALA;.CE LINL uNRECOVERED RETURN

S239c,?3.5, 119 I.Z, 4Q7354C6. t4697412.

? 215!5tl4. 113'v4c3. 3o6618 7. 5F227672.

3 14' 0,o74. IC7cc2. 32995c.. 52404905.

4 174b.)01. 1S27 4 12. 2 9 96113, 47164414.

5 15721472. 9627w', 2t7Z5.2, 42447973.

6 141 4Q32 5 . 9432 ,L3. 24053852. 38203176.

7 1273L392. C05 9 ,y4 .1643467. 343 82 959.

F 114,"-53. Flc,11'. 19463620. 30944573.

1e C314 55. s5%715, 17535256, 2765J116.

92t3372. 44. 15761733. 250t5105.

11 ;35335. 3 1420T559. 2255S594.

17 51q7 o. F53 5 5. 1133203. 2I11723S.

14 1 .21, 3 7.55 994)492. 13217526.

1 5 ':1, 35,0 3 652213 . 16877170.

14 65. 35 5( , 7 1 1 7;zC. 154515 •

17 c4^ n , 5 ': ° 6c1424. 14011459o

I 3 9 I c, 5 0 5 4261I06E, 12 01 b1D3.

14 31769 35 2 , h 12. 1115 7 4 7

z 5Z E :r53 E 142 C3 5 6 9775791,

C-A-34



HNDTR-8U-45-SP

O U- I RASE)

I !TIAL V TV T 3 6 ' 51

SALVAGE VALUi -

INTLr' ST ( )=1 .

LIF'-TIVE (YEARS)

CAPITAL RLCOPY FACTOR c t o2

f-AUIVAL NT ANNUAL C3ST = $ 4476561,..

UEFRECTIm~OF ($) CAPITAL ($)

Ou'Ll v-TURN KrLOVEREL

DECLININC STPAICHT ON PLUS

YLAf EALANCL LI.L. uNRECOVERED RETURN

,'.11S I a. 43131606. 67,;3617.

1 2 5 ,, 41 '3_ 3 1 4 8. r3 2 L, -2

199 ,27.C?. 34936te3. 5434512-.

L 17 c 4.27 f 414 9 1 44.

157Z147 . QS2;9LC. 2c29c649. 44u20120.

2724c2. 9. 229219C6. 35c5t29P.

S11( 3 .?lc11S. 20629715. 32'9R6 .

1 C314 5t. 5r5715. % 566744.

r  
9-.,! - , 4 4Z 41. 1710070. 25193412.

11 5 j =., ,r F' ;.  . .15039Ob3. u.3;40;c.

7 71~2 7 ^16s. 13 535 1 S7. ~11

7" t 7o. ,3 5 . 1 2 31250. Z. 62 t

I 17 9. S i 9 3 21138. 17 4.

- - 1 '--- ' .
'' 3 5. 3 75IZ531 * 5 5 6

- :: 1 .... . 451t71(vo 1-~'4

.--e~/ Z. 150390 1. *1 1 C2~l.
,~~ 1 qT

C-A-35



HNDTR-80-45-SP

ObLLE 1 (STORAGE)

INITIAL INVESTVL01T = Zv j1

SALVAGE VALUE i
INT"CEST (t)=I .

LIFETI'E (YFAKS) -'is

CAPITAL RECOVERY FACTOR
rQUIVALENT ANNUAL COST = $ .7531.

DrP ECLTII ( ) CAPITAL ($)

3CTurLU K!TJRt. kECCvEREO
DECLINING STRAIuHT ON PLUS

YEAR EALANCE LI j UNRECOVERED RETURN

1 239t2,/5. 119s1%v2. 45527dO9. 0Q439F13.

21565$4. 113r 4c e 40975023. 62540833.

3 100(424. 137?L9;. 36877525. 56266740 .

4 77-'1 12~7.31 Q773. 5065o0C74 .

15721472. 29 70796. 45592267.

6 14140325. 94UK3. 26z,3717. 41073041.

12734:92. 9t059,4. 24195345. 36929737.

114cfi 3. F1Ic11?. 21775811. 33236764.

1U314c5. !5Vi'5715. 1959S230. 29913087.

,2s3F72. 4i,',4L9. 1763 4^7. 26921779.

11 3SL35. 835L0L5. 158745b6. ;4229601.

12 751%32. F35 C.2. 142o711O. 22t42145.

131269Q653. 21QZ546SF.

14 to'%l21. F33% 5. 1111219 . 19457231.

1 54.179. E35Y5. 24740. 17679775.

I4 93 3. 93>XJ- . 7 3223. 16292315.

174r 6749827. 147 4P61.

1 '.I35"C5 . 47t? 37-. 131174o5.

19 35 5. 3174913. 11j29q48.

20 3"3d. 3%25. 15L7457. 9942492.

C-A-36



HNDTR-80-45-SP

IvC~.LE ~(.,T%AGE)

'IALVAL7 VA~LUL

L I FE T11E ( Y EAf R
CAPITAL Fj:COVERY FACTOF 5
Et UIVALt'NT AN\NUAL COST i 4,Y207541.

E PFE C I ATI. 10 ) CAPITAL (S)

"Ou3LE kFTURN kPCOVEREL
DECLTrKlN STRAI-3 Hl ON PLuS

YEAP EALANCE LINL UPRECOVERED PETuFt.

71- ?:t '5. 11931 OQ2. 479240fl9. 7 1 o6 014 .

19U'24 178,.9iZ. ,918446. 5F227672.

4 i4~si . 1W754'. 4936603. 52494904.

1E7-147C. 31442943. 47164414.

t 1b.325 ~2b29F649. 42447Q7 7 .

127h4139e' 9O9:)9Y4. L'54687?4. 382)3176.

1Cy.-45o59~571 . C6629715. 35)944573.

41V1 L3,~v C56744C. Z 2cJ 16 .

1?77V'532. 1 1'39C)3, . 7 09

iTt~~7 1 1z3tP5t.. 2 17 ?3?91

4.,- 3550j35. 1 7 1OC0

1~ c3n:i ~ .3021 1 6eC56.

7 . r1007. 1f

C-A-37



HNDTR-80-45-SP

.(6 UL-E 1 (STORAGE)

:NITIAL INVESTALNT S 3tOi
SALVAUE VALUt

LIFETIPE (YEARS) f-
CAOITAL R[COVtRY FACTUP =2147 4
rwUIVALLONT AN.NUAL COHT = 5145715 .

':PPEC.ATI(h, -~ CAPITAL (5)

L"U3"RFTURN kEC VFrKED
VECL1:viNCG ST 'A:,H ON PLUS

YLP:ALANCL L1.c. UNRECOVERE:D RETURN

I 279ct2 .5. 119,-1c...Z. 503Z0210,. 742,72214.

2 il15c .4- 113%'!?. 66853993.

3 1 4k9Z(4. 1 (i7 9 L 2 4J75937O. 60168594.

4174C.3Il. 1"'27 ,472. "66e7-4!3. 54151735.

515 7 1 47 1. ; 6 r,9 1 .. 33 C15 0O r 487765t,2-

6 1414?7L25. v47U2,o. 2971!5F2. 43662906.

7 12734.,92. ~ 'i.20742224. 3947b616.

114,,',,3. F31sep. 240t AOC1. 35528954.

9 10e314LS5.. '-"7S 2 1 6,12 01. 'llIfcC59.

11 ~ ~ '.c35C.17545573. 5'166

7 5V1 E S ,3 C5 . 15 ?9 1016 . 24146C51 .

1 3 t7 :7- ~ 35~S -,,~5;239143.

14 cCY.2 1. 12 2'19 1~ -OZ 0 36 .

15 54,17!9. 3-:5 14~527344. 18,)2379.

477 54.2h . ;-712E7. 17 17 2 1 .

9 9 11 1. 52e,672. 1 '? 1 --7'?.

10 w - , - 0 311S 11& 4,15 3.

Z 2 -y 2 3 5 c1754557

C-A-38



HNDTR-8U-45-SP

L V!A L V A L U~ J

L iF F T L (yL') 
C AI' I ;AL "L C 0V t Y f A LT 0TU7

60~i 1 V AL i.N I AVNUAL COST T 7

PFr-cCIATI% Ci CA PIT A L (S~)

~' ~ L:TURN' tPCOVERED
DLEC L INING TfRkILT 0 ,PLUS

Y LR - LA f.C E L 1N L UrRECOV~EE PETURN

C 2!c?.5. 511V' 516 4 10 7 6C)7 84 1 5

21)>65c4. 1 1 -- ; 1- 4744476t9, 6,u10574.

194,94-24. 1 7 E49 2 . 4?700293. 621 9517.

4 1 740%C 1 . 1 714 ?2 ?:431)263. 55o~b5o5.

157e1472. I)S2 5 94:1I 34587237, 5i3O6709.

&14149325 . 4'1129514. 454'77938.

7 1.72SQ2 '>5%"4. 2;:C,15663 * 4' 75OC55.

0 1G314c53,31.. 22207. 37007c)45.

~~2~3 . S4394,q. -342341b, ~ 9C~7C

11 i55w'5. E1~-,.l,3 1377. 26736112.

1? A~3 . ~ 3~.%. o5429e9. 243;004.

1 4 765 9 0 L 7 l7:45'173.

1 c7c c7'-'2431. 157^74t,6.

C- A- 39



HNDTR-80-45-SP

OLUL= 1 (STORAGE)

'ITIAL IVEST ltNT =

SALVAbE VALUE Q -

I N T E S 'T % )= ,

LIFETIRE (YEAkS) = 2 o
CAPITAL PECOVERY FACTOR =
rQUIVALENT ANNUAL CO'T = 5CO41C .

Kc:C" TICN (j ) CAPITAL ($)

K iL K'TURN RECOVERED

DECLININ . STRAIAiT ON PLUS

YEAk eALANCL L uNkrCOVERED RETURN

1 2 ,; ,05. 11., 0 5 55112611. 7Q074615.

2 215t5)'4. 11354.3. 49601350. 71167154.

3 1941.924. 1 44641215. o4SU0439.

4 174e371. 127 412. 40177003. 57645395.

s 157a 4'2. 98?59'. !15938. 51sJ856.

6 1414?325. Q47?:3 . 3o543447. 466Q2771. --

7 12 27 ,2 . 9 . 292,9 1 2 420123494.

114 . 2I1 2 3 11 2,. 37o21145.

1 C314 z. 55715. 23724173. 34039030.

21 5175,. 3n635128.

11 19. ?3 C 1 6 1 5 S 0. 27571615.

i7 ?5132. 53S5C. 17294922. 25649957.

1 67,57. 3C:. 15!7 2 e 2372b299.

14 6,j 9 P\2 1. :3 75 5 . 13 4 516 P . 2 18r,66 41 .

15 54c1739. S35 535. 115299 .. 19CE49E3.

I493T555. Y361 5. 2290. 179t332 .

1 444 .e.do 83 S. 76C"6632. 16041667.

1F . E35CKS5 5764974. 14120009.

193 6 .E3z5iOL . 3 b 3 16 121;--351.

5 5I 15 5 lrZ1658, 1 '1 6 9

C-A-40



HNDTR-80-45-SP

;O L r  1 (,TORAGE)

IrT!AL INVEST'4NT - . K2&O51.
SAL AG VALuE : C.
INTEP[ST ( )=

LIFETIYE (YEARS) =
CAPITAL PcCGVERY FACTOR = L

(UIVALENT A'NNUAL COST = 5..gE.u71.

, ~cIAIO. (U) CAPITAL ($)

C U L R TIJRN RECOVERED
DECLINING ST A!HT ON PLuS

YEA R A L A\CE L I\ NLKRECnVERED PETURP

2 2325 11, 11O . 570rS, 11. 1470 .16

- 1, 5c 4 113 42. 51757930. 73323'35.

1 i 2 4 .. 1 17 q .t 5 8 2 1 7 . 65991361 .

. 174:'311. 1C?7: 472. 41923'24. 54, 39222 .

157214.72. ':2,9, . 37731532. 514530 -1.

6 14149325• 94311.,11 . r-.5 8379. 4S1. 0777.

7 1 27 14ZZ 91,94 . 5 6 2 541. 4 "2 6 ;3

11 ,53• 111~• ?750627. 35%67240.

A14,.5,. % 7"• 2755659. 3SO70516.

4,- :. 4 1' 01393 . 315 .34 .

3 :j 1 5'? 2 2 Of ,; 1 f3 49 4 6 711 Q
12 751 ,, - 7_. * . .46875. L'3'Q10.

1 7 4 ._'SC. 3 I. ,14156 . 1 4_7670.

.... ~ ~~ Z 3 021 1, r. 4 2 -' 3.01 5. C 7 7 C.

IS 3 5)6 , :' 5- J S. 104 17 . I"3 54:

5 -y 1 . E3 . ,.C'- O2 ..

c-A-41



HNDTR-80-45-SP

li.ITIAL INVLST"ENT
SALVAGF VALuZ
INTz~j'S7 (71)
LIFETIM'E (YEAkS)
CAPITAL RLCOVLRY FAcIT09

!UIVALtNT ANNUAL CC ST = '

DEPPEC1ATIC% (s) CA PITAL (i)

I'CU"Lr k,:TURN RECOVERED

DECLINING STRA:THT ON PLUS

YEAP FALAt.CE LIN,; UNR'ECOVERED QETURN

1 ~ 19~1~2.59905012. 6 386'701 7 .

2 '215t,5co4. 1135-j423. 5-7914511, 7548,j316.

I1946'224. l('7%Cq,2. 4.523060. 679!22o4.

4 174003C1. lk^27j47Z'. 4367!754. 61139,056.

157L1472. 982119 c. 3Y30:679. 55U25151.

1414"32~5. 4cz.35373312. 495:-2636.

2'1Z7L4 12. 9 '.,9, 313:359F.1. 44570373.

S 11c",3 3h11 F. 2te6523F,3. 4n 1 13 336 .

1O34~~. ~ 5Z7~5.257S7145. 36102(O2.

1" 2?'2'. 4TA.23Z2:)430. 32491302.

11 35%5.208675E7. 29242622.

12 751Q 32. 33T(...16796829. 271c38t4.

1! o76720o. 535.o71007Q. 250,65105.

14 S~&%1 ~ 3 C3 14t,2 13 11 . 22 76746*

1c 4t1779. 23%(X05. 12532552- 20oS~7587.

JA.~. lu441794. 137m929.-

10b~9 3 5 L5 . 4177517. 12512552.

20 ~ $~1. ~ ~ :5.20-P759. 101443794.

C- A-4 2



HNDTR-80-45-SP

,OL LE - CDOCK/TE M)

!'iITIAL t.,E.r',-,T = L 3Ic9 1Si.
SALVA6E VALU; -
T',4THRtST ( )=3

LIFETP:;L (YEANS) .
CA-ITAL R CGvtP Y  FACTOc = . -
LUIVALENT ANNUAL CCST = I 5112.

b'PP CIATI. ( ) CAPITAL ($)

S'U- L RETURN kcCOVFRED
DECLININC STRAI-oh ON PLUS

YiA ALA.C E LI' U.NF:ECOVERED R TUF.N

1 1.46jC. 15946C9. 47F3 '2 .

L 1517 ,7. 143514c. 43 j54 4

7 r  6 I 14 . 12916_-4. 7874901.

4 2,4943. 1:-67t12. 1162470. 3487411.

4 4 o 13G777q. 1n46223. 3138670.

4 ~~ 5 15 4,. 94161 1O

1 I.E47441 . '54Z'22.

15 593. ! 762697. 220-80y(.

1372)54. 114. '4 5. 656427. 2 5921 1.

I"5 I 17 7c 1 11EJ Z 5 45 151 4 7

1 1 1 112 1Z 1 11,,01 . 554 C .6. 1 o55 1F.

,731111". 3604 . !4.01 .

II ~ ~~~~~~ P 50 2 
C1 .3l '7 C. 1;C 1.

1=  . 11 = IL.222402. 1 ,3 44. 4 .

1 1 5,1,7j. 111,,01L. 1 6e 2. 12'7 E 14.

5 I 6 C 1 1167612

C-A-43 .



HNDTR-80- 45- SP

,,CvULE 2 (zOCK/TEPM)

INITIAL INVES1]cNT '1 21 7.

SALvAGE VALUE - $ -

INTiP EST (%) t.

LIFi TIME (YEARS) 2 d-
CAPITAL 7tCOVIV Y FACICP 7 • A
rWUjVALFNI ANNUAL COST

[RLCIATIC; Ct) CAPITAL ($)

CU LS KTURN kEC';VEAED

DECLININC STRA'UHT ON PLUS

YEAh EALANCL LI',L u.NFCOVERED RETURN

1 31,319. 15 r .b . 1913571. 5102750.

2 2c7nC97. 151,.t--3. 1722178. 4592475.

3 25oIL67. 14 145. 1549960. Ll 3227.

4 23 4 4 0. 13 57?I. 1394964. 37199C5.

'0,'4 4 L. 13 777S. 1255466. !347914.

1o 8 . 125 54,F. 1129921, 3013123.

7 1It9 4,i . 121 6 ( . 1 1 16 9 ("CY 27118.11 .

152533. 11?3oC. 915236. 240630.

117-c54. 1144"45. L23712. 2196567.

131 S .112-,244. 741!41. 1 Y76910.

12 111 I. 11 CIZ. 6 2C,7 • 17 92219.

14 11t7. 111.1 2 . 457043 . 1579-57.

15 7c .111;. 4'9324. 1512336.

17 b 5 Z , 1 11 -2 3 3 7604 . 14 45 A515 .

17 5 Y 6V 1 1 ] 2. 2 6 68 3 1376 9 5 .

1? 1 7 . 11 1L 12. 2JC162. 1312174.

19Y7 5. 111 )1Z. 13441. 124545!.

4. 13I 111 1 . 66721. 11 'I 733-

C-A-44



HNDTR-80-45-SP

, L. ] CC /TEPK)

INIT 4L IVL T'LIT -N T 31c'21c7.
SA. LV GS VA LL'i -

:NU 't ST (:) 1.
L .F ET:L (Y[AtS)
CAPITAL RLCU~t' FACTvr,

0 w1VALL N1 A!.,-,LIAL CUST I 11.r?

FE.C.~AT>2\ (' ) CAPITAL (1)

Z L RZTURN RFLO EkEd
,ECLININC STQAIuHT ON PLUS

' FALANCe LINL U',RECOVERED PETURN

I YL,21 . 15946 ' r•232453. 5421672.

7 7, L 151) 7. 2Q02E8 . 4879505.

- 2i 3267. 14!:,14 . 180 287. 4391554.

4 2"e4 4 . 135, 612. 1627458. TS9523 9.

c2.44o. I ?777. 1464712. 3557159.

j 1~~7J)* ~ 1~1241. %~4

7 1 4: 1 v 1166417. 2c8,1299.

1',Z253"3. 117- 34: ;. 1067775. c25 03169 .

1 7?254. 1 1 4 ,3 4 9 6 9 0 8. 2 3 !38 52 .

112;.244. ?6489?. 21 0 04c7.

1 1 1 2:k1L..I 1 1 1' . 77?408. 1o904 2Co.

I:1 1,1. 111 12. 700567. 112 579.

1 . ? .11 1,011Z. 622727. 1 7347-9.

1" 1c,5 7 . 1 1 1 1 Z . 5 4L , 86. I o563,3.

l7lu.)1:. 467045. 179C57.

1";, 6 .  1 1 I: 3 11 3 3. 1423375.

1~ - . 11 J . 233522. 1345534.

I-1555 2. 1C -7694.

" , ; 16.111 01;,.77841 .1 F B I

,a C-A-4 5



HNDTR-80-45-SP

C,,OAJLF. 2 (L)OCK/TEPM)

TITIAL Tr {(: Sl LNT
ALVAV VALu', = $J

I F 1 1 %' I t (YL A,,.)_J

A F iAL " .LU . Y ALTU ) - .

QUIVAL LNr AN.',LAL L, '.T 4

0 F PECIAT _r ($) CAPITAL (S)

vUtL r  RE TURN RFCLVFRED
DECLINING STRAloHT ON P LJS

YEAR EALA,,CE LI..,L jNRECOVERED RETUPN

1 31 19. 15 '46t9. 2551375. 5740594.

2l7l Q7. 151 6 3 . 229-237. 5166534.

25 367. 14S14E. Z')66614. 4t049F81.

e 2.34i4C. 13','e12. 1 599 ,. 4 1 4F93.

Z 4 4 6. 1 3 '/7'1'9. 167 195 ca 3 7 60 t U4•

6 IEt, L.. 125 4t . 15065&1 . 33E9763.

7 16 4c 2, 121' 4 c: ". 13559%5 3r,'5')787.

15 Z53C3. 117.c. 122 1315. 2745708.

C 13 72c4. 114 0S. 1092F3. 2471137.

1' 12C'6. 112:24. 96 455. 2224024.

1? 1112012. 111 -'12. 8 0609 1 C r; 1 2 1.

1I? 1 , 0 11. 11 1 Z I .206 4 . 1 'Y12 66 .

1 0, ~_ . 1 11_; 2. 71 1 ? 1, "1 3 6 99.

14 1",)7. 111.,I . 6?2727. 1734739.

15 72 5  1 .12. ,33766. 164377?.

I t : ,, 6c L 1 z;I. 1 4 48C5, 15 St)P 1 7 .

17 . 111L I 2. 355E44. 1467E56.

1Ic 3 1< 72. II I 1 2 . 26681;3. 1 375695.

1 9 2? : .11 I . 17 922.c 1 9 34.

0 ,.J oI -. 111 ; 12.4 : 9 1 el 1 1 9; 73

C-A-46



HNDTR-80-45-SP

rCO~uL- 2 ( CK/TEFM)

1;1TTIAL :!.v\SV N " 3 9 I

SALVACF V LU L L
1 '.T I M *f Y

VLS . I)I f' (Y AkS) - J

iAr r AL t C'VL Ry FAL(TI;,  ,

c . 0I VAL NI Ar.NIAL C(-'r , 4'vb/t1

L l-,EC;AT!O, (') CAPITAL (1)

L F E TURN RECOVERED

DECLINING STRAI,'HT ON PLbS
YEA- i.ALA(.CE LINE L rECOVFRFD PETUF

1 3IC219• 151,,6,,9. 287'2' 7. 605951S.

" -7,2 *7 151 6 '-.  253 267. 54535t,4.

_"267. 14 14F. L 324940. 4908O0O.

U- . 1 ,7o .'Io244 Z. 4417"787.

1!'?77'. P 8720,Z. 397564P.
2 " 14 1 2 "~4 Q ,35 6 -13

- I,, Z2 12%:4o' . 16Y48'r2. !57?6 3.

l1'. 1 1,7253P3. 7e2J275.

157r393. 117? 3 J. 1372854. 2dr-E -8.

1 7172r-54. 11 ,.0, . 1 2355t9. 2 - 0 2 .

1 11 2 44. 1112 C12. ,347 cl.

1I J 11?1) 1 1 1 I0.811. 11 2..

1£ 7 , 1 9•1 1 01 .g0173C,. 2 il 1 4!.

i" -,:~ *
7 0  111LO1-. *?,3369. 1,124-'n.

, .111212. 434. 12336.

;4 % L. 1112O1 2. 1"0 1 * 1 12" 33

,7 F, 111 .1 .( 2 J .

C-A-4 7



HNDTR-80-45-SP

L L 1L 2 (CIrCY/TER')

!NIT"AL !,NVt.bTN'lNT = I y I7
A L .A L.F VAL I t Ll c

LIF, r MI . Yt A,' -S

L A I AL ', CU's q Y AA(. I .11 .e

OEF ECI ,I"Ic\ ($) CAPITAL ($)

DCUSL' R[TURN RECOVERED
DECLININC STRAIGHT ON PLUS

YEAP OALANCE LuI UNRECg,/ERED RETURN

1 31,Q219. 15"46,9. 31F9219. 6373437.

2 2670e97. 151-it.3. 2870297. 574)594.

"3 25,.7 67 . 14',143. 25t3267. 5166534.

4., 2 3 2t :.. 43 01 . 2-724, 940. 4t498ol.

13 17 ?7 . A 92446 . 41 4F93.

16c, %. 125. 4cE. 13i3202. 3766404.

7 1694 A. 121 .C. 16'4822. 33P9763.

117L3zi. 15253Q3. 3050767.

724. 114- 5. 1372854. 2745708.

I r 12 15St ,. 11-2; :44. 1235569. 2471 137.

11 1112t12. 111LC12. 1112012. 2224024.

12 1J, 11 . 11 1 LC1 2. 10ID18 11 . 2 112r2 3 .

13 9 JO 7 O. 111 ,. 1 2. 18961 -5 . 2001621.

14 1%n 57. 111,.012. 77F4"6. 1690420.

15 727°5rQ1• 111 ,.1 667207. 1779219.

16 6. 5o,. 11 1 Z. 555006. 1 00 1 ?.

17 ; -, .11. 1 .44,4805. 1 5 7 7

1 2 1 11 1 Z 1 2 . 3360 4 . 1,.45615 .

10 4 7 - E5.2 11 ,I" 224 , 2. 13 744 14

l 1 6 .. 111201. 1223213.

C-A-48



H'NDTR-8O-45-SP - !

,,.TT AL I V~ 5TA.N T T ~:~?
_; ALC'A - VALt

I T, T (*.) 11,
Ll f Tj"lL (Y' .,"

CA, "I1 AL P CO !_RY FAcT l -1
: I VAL , I;,JAL CUS T CU

uFPPECIATIO ''  (1) CAVITAL ($)

. TURN RFLOVERED
DECLINING STPAluHT ON PLUS
YALANCE L1N. URECOVERED PETURN

Z 1.A219. 150,,A,. 350C.141, ~ 697359,

1 1'c . 3157326. 6027627.

• ,. 7. 4"< I..":,2441594. 5 4,24 ol1

4 4 4 v . I "57434, 4 37 .

, 1 3 t'71 ?/01691. 4394137.

".5 4&. 2371522. T54724.

1 . .1j65 . 1,64370. 3559251.

15,253 3. 117>O. 1677933. 7 2,133L6.

1. 72.54. 114,745. 1510140. 2332994.

1 5 , 6' . 112.32,.4. 1359126. 2594694.

I I11 2(1 : .111201-7. 1221,213 . 7 52Z5.•

I 1):3c l 1 12%711 . 1100892.7 2 12 9 .

i'", 7 C L 7• 1.. . 7 7 . 2 V, u C 81'II -4

1.§1c - . 111'3. 61367. 17 194

3 ~ 1 16 '1 . 17?? 3 6741 7

2 5 . 1 12A7,

I " . 1c73 11! . 66964. 11. 7 -0 ,

C-A-49



HNDTR-80-45-SP

I~~ .O'J L' (CKITER'1)

I:,,IT7AL 4.,VLST.iENT $ -1( 21 o 7 "

SALV;GE VALUE =
a I, NTrt, S T ( ) '/ )L

LI FETIV.;E (Y E R )
CAPITAL RLCOVLRY FACToR z.133o

;tUIVALENT ANNUAL CU.'T = 4 2c 0-7.

L,-PEc( ATIC, (1) CAPITAL ($)

S0LrL[ RETURN RECCVEREU

ZECLIING STRAIuHT ON PLUS

YEAF PALANCE LINL UNRECOVERED RETURN

1 71 :19. 15 ,6 . 327062o 701628I.

.2 :,7"'e97. 151:.6,--. 3444356. 6314653.

7- 67. 14 1, o 3099921. 5 6 6316 E.

4 3 LV 0 13'7611E. 2763929. 5114P69.

56 12 36 13- 7 77 5, 51 119 7 5. 4 6 3 3 L2

6 I.ec'". 1> 4c,. Z234842. 4143044.

7 1121,... Z3X65 . ~3774C.

S1.3:,'4. ~ 11 3. 147425. 3235Z79.

1 12 5 9 . 1 1 ?. 1 4,. 1 . 2 6 2 . 271 02 5 1•

11 111271 111 012. .374414. 2446426.

1 2 ! 1 . ,1 1 1 1 ,- , 2 . 1 2 ?1 9 7 3 . 2 3 4-L 9 5 .

13 ~ 73 . 1 1 1 C12 . 1 67531. 217 5i.3.

14 ci c.5?. 111Z:12. 34GO9O. 2046102.

15 72 c I.11 
2 . ),649. 19 1266C.

1L 111'- 2. 5t3'7 . 17'7Y9I .

I ,31 7 . 111 /I Z z41n324. 151I, 6.

1, 17 5  11 1 2. 2 68 F3 . 13 7 6 S

" 4,3 . 11 $I [. 131441. 1245453.

C-A-50



HNqDTR-80-4 5- SP

, O[,ULF (DOCK/TERM)

INTTIAL If-VF'TW'r.NT 3 1 p-9 ?.
SALVA, E VALUE

LIF II'E ('2 1 %

CAPITAL rECoVL7Y FALTOR7'.4P)
V~UIVAL:.IIT ANN~UAL COST = 43''4

DOEF-RECjATI"7($ CAPITAL (S)

ruc ,: FFUiPN RECOVERED

DECLIKING S T Z A1 O0N PLUS
YEAR EALANCE LlNrt UNRECOVERFD RETURN

1 3e9 '~v 1546~9.41459F4. 7335203.

2 t7Q.151C6 Z. 373-1386. 6 t0 16 83 .

T2 3 2,7 . 14 3 ,l4 F 35 8 2 ?7. 5941514.

4 24 40. 1367- 612. L022423. 5347363.

52 C9 2 44'.b. 13 )777ry. 27201?0 . 4812627.

1~~.LC.12554tF. 244 16 2. 4331364.

16c!8e2. 121.j63:3. 2203346. 369t228.

15253193. 117- 3cr. 1983012. 3508405.

1.25.1144C'.r . 1784710. 3157565.

I 2i6.11 2Z72'4. 1 0 62 39 . 2641PH .

11 1112 1.11~12. 1445615. 2557627.

1 Orn7 1. 1li1 1 L 11 56402 . 26 5 C,4 ,

14 11'5? 116O12. 10119,11. 2123943.

J'Atbf32. 11.I 722808. ld34820.

5310?2. iiiaZ1. 433625. 146'

C-A-Si



HNDTR-80-45-SP

fv(,L.ULE ( ('CCK/TERM)

INITIAL INESILT " LN1T921>7.
SALVAGF VALUE =

I !r., FLST 0.) =14.

LIFETIME (YEARF; - j 0
CAPITAL RECOVERY FACTOP = .15 Y9
-(.UIVALLNT ANNUL COST = 4,. 415274.

DFPLCiATIGN (i) CAPITAL (S)

DOU LF RFTURN RECOVERED
DECLIN, ING STFA:cHT CN PLUS

YEAk LALACE LIItL 6NRFCOVEFED RETURN

1 1IS:19. 15 9. 4464906. 7654125.

2 7 Q 7 151(,o a 40416, 6688712.

5. ?3L67• I 714 . 3616574, 6199F41.

4 3.:4 4 . 13i7 c1. Z 254917. 5579857.

2C,2'4L, 11"7779. L929425. 5021E71.

Ic3 q2. IZ a6364F2. 4519684.

7 &le4c%• 121Cc30. 372874. 4067716.

15SQ3. 117o3 C. 2135551. 7660Q44.

137?.54. 11tC45o 1921996. 3294E50.

I2Z55d. 1123244. 1729796. Z965365.

11 112 12 11 ('2.1556817. 2-66EF29.

12 1 11 41 1 2 I Z, 1 r11 5 . 2513147.

I7C. l111C, 1245453. ?3574o5.

14 1 7. 111 .AZ. 1I4 7972 017C3.

I ~C-4L 4c2 e1)0 1746 I 2 .O

9 .9. ll-1, 22727?. 17 - 47 9 .

105 ' 7.,1 41 01 .  407045. 1 79 P5 7,.

7q 7 5 . 111 I13 63 . 14 2 3 77

I111 1 . 1556a2. 1267694.

C-A-52



HNDTR-80-45-SP

(OC</TE M)

!!, IT !;L Ir v,:TALr';T =q 11c9213T.

SAL A.. VALtL -- $
INT r ;- ST (' ) - ,
LAFE71ME (YLAIS -Y E.A.

CAcIIT;,L PLCVVLfY FALTCQ =
c-UIVALLAT At.UAL CST = $C 514..

rf-RECiATIOr ( ) CAPITAL (S)

L i' iLL E k TUR. )ECOVERED
DECLININ STPAIuHT ON PLuS

Y A LA NC L L '1NL LNECOVPRED PETUPN

1 i1,*49. 1A~.47b3828. 79j73(147.

2,7%O7. 1316c,3. 4305445. 7175742.

~.$ta7.145 14.~ , 874901 . 64581.

4 2 24 40. 1367t1 2. 3487411 512351

5 ?2446. 1707779. 3138670. 53 1116.

1632C2. 125546F. 2R248(83. 4718004.

7 14c 121,63r. 2542322. 4237204.

1 593. 11 7 3oC. Z288090. !134 4.

S 1137"54.,. -n5921 . 3432135.

1' r,.5 169. 11 224. 1 5 !53 ._ _ 6 J 9 2 .

2 I 11 1" . 1501216. 2,132-F.

1? u:, . 111Z . 1334414. 244b4ZA.

14 1 7I . 11110L I . 1167612. 2 279524.

15 7 591. 111.Ci2. 1O0S1 . 2112E23,

1' 1 1 Z12. 667207. 1779219.

" I 53 7,: 1I ( " 509405. 16 1 Z41".'

, , .11 . 1t,682. 12 7614.

C-A-53



HNDTR-80-45-SP

!tIITIAL INV"-S TmEtT = S2 ~7
SALVA(LE VALUE = S
!NT,-rEST (*' ) r,~
LIFLT'E (YEAr",) z 21j.
CAPITAL RECOVERY FACTOR=
c2 UIVALLNT AN%UAL COST = S 3 9lK

k RLC I t r ic,.(. CAPITAL (S)

L,L' kf-TURN RECOVEREL
DECLININC eSTCAI,,Hl ON PLUS

Y EA R r3ALAiNCE LI1~L UNNECOVERED RETURN

1 34 2 19 15 510 27 5 C. 8291968.

2 2 7297. 15~&..4592475c. 7462772.

3 2537*1435,14'. 4133227. 6716495.

i4 23Z4P.4C. 1347elcl. 371990~5. 6U44845.

5 2 01;244 . 13^7 77. 3 7347911. 544U361-

6c2% 1Z4C. 01 3123. 486vt325.

7 1 t 4 Z. 11 f 1 1 e11 . 44 -,692.

1 11"--'4L4. 1776910. !211479

121'L1 111 12 163012' 7. 2713309.

14 tl~c57. 11 1 Ll2 . 1245453- 2*357465.

7 1 . 11 1 L,01? 20251 21 795 43 .

16 3172. 1112 12* 533766. 1645778.

1; 4?lce5. 1i-12. 355844. 1467.556.

2n1. 11 177922. 12F99-14.

C-A-54



HNDTR-80-45-SP

U L 2 ( CLK/TEOM)

INITIAL INV STML T : 1V~1
SALVALE VALUi -

!NI T i LST (X) 1Z

LIFFTIML (YE !jS) .
CAPITAL RECOVERY FACT P7
7UIVALtNT ANNUAL COST =

DFPPECITION (i) CAPITAL (S)

V C J3 Lr RrURN ECOVERED
DECLIN ING ST AIUHT ON PLUS

AR bALANCE LIN U!kFCOVERED RETURN

7 1 I*,, I L 15Q . 6%,9. 5421672. 1 U8 90°.

2 2 71 7o 151C.6t. 4879505. 7749901.

7 2,c3Z67. 147)14'. 4391554. 6974821.

4 2324Y40. 136121. %952399. o277339.

244t. 13-77?Q. 3557159. 5o496U5.

1 z4c.1 3. 2301443. 5084645.

S15393. 117. ,. e593169. 4118562.

1472L54. 114 0 r. 333652. 3706706.

= I2 1.00467. 3336036.

11 111%12. 111.CIZ. 1S9 420. !Q02435?

I1 1111 W . 7?j1378. 2 1339 n

14r 57. 111 f12. 1323294. 2435306.

1 7,9591. 1111C12. 1134252. 2246264.

.111A 945210. 257222.

17 1 9 1114012. 756162-. 1I b tI 0

1 5 "l 72 . 1 1 1 ,L j1 2 5671 C6 . 1679114E.

1,: 471ACIS 11iLl-1Z, "7RCF4. 14 V00I6,

Z¢ "n lo 11 C1 . o9042. 1 31#,4.

C-A-55



HNDTR-80-45-SP

,CD'oLF 0 CKCK/TERM)

I ITTAL !NVESTM..AT S. 31,'.'" ,;?.
,ALVAGr VALUE V.
INTCF ST ( ) =1.3.

LIFETIME (YLAn ) = 2u.
CAPITAL QECOVcRY FACTOR

FQU:VAL-NT ANN, UAL COST

PFRECIATION (S) CAPI T AL (S)

OLr F TURN RECOVERED
DECLINING STRAIL-HT ON PLUS

YEAR EALANC" LIAJL UNRECOVERED RETURN

1 1 C.QL:;• 15-,4c , . 5740594. 3929812 .

2 2c-7%-297. 15lot. Z. 516 5.34. 8036831.

25t3267. 14:14 . 464?881. 723314F.

4 2-4*4: ,  13 7 I2. 4164803. 6509F.33.

5 20v2 4 . 13,)777,'. 3766404. 5856850.

I32P2. 12554c,-. 378763. 5272965.

"7 I6eo4c?2. 12_ 1 .3 . 30 757. 4745669.

15J 303 11?- ,,04? 570b. 42711J2.

1 13 7 2, 44'. 11 ,i4 24 71137. 1643Q92.

1 qI z K 5 • 1 ?_:' . -224024. 3459592.•

11 1112 . 111 LLI 2. 61621. 3113633.

12 In.A11 111 I. i 1459. 2913471.

1' 73 . 11116I:. 1601297. 271379.

14 &'I co7. 112. 1 4 J1135. 2513147.

i12sn73. 2312q&5.

1 2 1,6 -,L 11 1' 1c-.a P1 21 2 3.

1- 453 '2. 11'C Z.6.,"4Q6. 17124;,,.

19 47 . 1117;i. 4 324. 1512336.

31 2,01C2A. 1312174.

C-A-56



kiNDTR-6L-4-'-SP

;0u ILE 2 C(KCK/TEP.V)

ITTAL INSs2. 31C1.- l7.
SALVALE VALCr: C

L.'FETI',E (YEAtmS)-
CA01TAL PLCGVL Y FALTOH 19.
FmkJIVALENT ANNdUAL COST = 2~13.

,)EP7ECiATlC'% (I-) CAPITAL (1)

C ' R FT UR P RECOVERED
DE CLII IN~ S T F. AlI ~HT 0ON PLUS
BEF ALANCE LINL JN(R-CCVFRED RETURN.

1 31-0c2. 15^-460;. .A59515. 2467 4.

2t7'L 7. 151(j6.2. 5453564. 323Fcil.

75U'. 4A~ 4qO82O.S. 7'.'1475.

4 ?34~.1--676112. 4417387. A742727.

5944. 1 317 77. 31975648 . tL66C95.

ll'4 7578O0F3. 5461265.

1 4. iAZ . 1 Z3 220275. 4 y15 15 7

1il53. 17Z3) Fq9246. 4423641.

r1372a5 4. 1144'>5. a6OP423* 3 '-F12 77 .

112z 244. L3475El1. 35S3149-

1 262 11 1 2. 112 2 3. 13 24 F 4

7 r .12 1 1 9-25- 227



HNDTR-80-45-SP

'G ULE (DCCK/TEF)

TINIT:AL ltVLLT'-' N'T . L, 1 7

SALVA(e VALUE tj
INTEIAST (') .
1. I F L I (YLAS.A k J.
CAPIIAL RECOVLRY FACTOR .2Ji3e
F(..tIVALEfT ANUtAL COC T 7 54zoy.

f F LC t.TIO Cit. CA F ITA L $

)C(,ULE nrFTUR, kFCOVEkEL
C.CL iIN STRAIwHT ON PLUS

YEAF FiALANCL LINE uNmECOVUREI) RETURN

1 . 154.L9. 2378437. 9567656.

L 2e7%97. I I~e7. 574nl594. eoI E9C.

- 25%67. 14 1&),1. 51t6534. 7749 U1 .

4 136761Z. 4.6498EI. 6974821.

20 2446. 13 ',17 9. 41 4893. 6277339.

1294c -. 37b64 0 4. 5649605.

7 2 1 6 . L.! t Q 7 6 3 . 50P4645.

S1 5,. .1173', O. 3150 7 E7 . 45 7 618) .

9 1372t54. 11 ' il 5. 7457UE. 411 562.

1C1 35 6 .112_ 2,.4. 2471137 . 3 7 r,7 06 .

11 ~ ~~~ 1125E 21 C 2 2 4 02 4. 3 _b 3 6.

12 I'>. )L 11 * 11 i .. 'l L. ',L162 1 . x1 13633.

7 91. !11 I1Z. 1724414. 2445426.

17 c . 1 (I . 1

1 '! 7L. 11161. 672C7. 17 "Y219.

4 111l. 2e24 2. 1334414.

C-A-58



P6 LL (iOLK/TEkj'e)

!,.IT'AL IXNVLSIMLP,T 3 1 1; 9 1 --7.

SALVA,_ VALut -

I!.TEREST ( )
LIFETIME (YAKS) .
CAPITAL PCLVVoY FACTOP = . 14?4
EGUIVALENT ANNJAL COST z G

Lrf.PPLCIA T:O (;) CAPITAL (i)

D Cu 14 L E :,ETUR N RECOVERED
DECLIrINL STPAIHl ON PLUS

Y Z.R -ALANCL LIL LtqRECOV!RED PtTURN

51:%19 •  15 ' 6 V9 ,  C69 7 359. q8857?.

2:7 L.7. 151 63. t027623. 069792nd.

e 67 1 4 3' Z 4241. Z1E.

23124'4, 131761. 4002375. 7 r7315.

5 Z2.C L4. 1ZY7.. 394177. 64P65L4.

i1.LZE2. 5;4c. 3954724. 5h37q2 6.

S1'' 4 2. 121 . 355Q251. 554131.

1253C3. 7230. 320332o. 472872M.

i 137 s5. I144O7.. 4:3t2994. 4c55E48.

S12 5'71 11253294. 2594694. 03 32,.

11 111?uI- .. 111=I - .  4335225. 3447237.

17 z00 1 11 12. 2101702. 7213714.

I ', 7 .C1-2 .V I O 8 0 192.

21 7-i;zI. 1 11 . 11 11 5. 311 .

6 ?  9 V . 1 11z ^j 1 9Z4090. 7 4613

II17. 111 O.. 731567. 1 z1 2 5 7 9 .

l CA- 7 sr57.

C-A-59



HNDTR- 80-45- SP

N:Ov Lc. Z (,;0CKITERM)

N ITIAL IiNVEST NT s eI 921 7.
SALVAC VALUL I

INTLrLST (%) 22.
LIFtTIML (YEARS) -0.

CAPITAL RECOVERY FALTOR = .- 24LO
E.UIVALENT ANNUAL COST = 1

PI' L C T ( ) CAPITAL (S)

OvULF RETURN RECOVFRED
DFCLIt, lC STPAI IH ON PLUS

VPP JALA,'dCE LI , UNRECOVERED RETURN

I 31e9 I1. 15 9 46U9. 70162Fl. 10205501.

2 2671 ?. 151C6e2. b314653. 9184950.

25z3 67. 147514,. 568318g. 8266455.

4 2324 4C. 1367612. 5114869. 7439E09.

5 2C92446. 13"779. 460!3?2. t695829.

1b 3 2. 125 4c.,. 4143044. 6026246.

7 121,'4tj..* 37...374.O. 5423621.

15E393. 117 3c,. 3355866. 4681259.

.17 t 3020279. 4393133.

1 1LU5569. !12 ,4. Z 71 251. 3953820.

11 1 12 Z. 11 2. 446426. 355b438.

11 %5uV 1 1. !1110Z. c2o173. 3313795.

1? 3 r/ . 111 012. 19 5714 1. 3'J69153.

14 C.1L57. 111c]12. 171]49S. 2824510.

1 L c'L 111 L3112. 1 2 2 13. 2335L2!.

17 5 ] 6 l. 111Q 1 12. 7 57 0. 2 49V1"250 .

5712. 1112012. 7379 . 1c45 9 40 .

19 473c- 5. 1 1 1 .' 1 o. I ? 9,7.

C4 TI .111 --lIl. ?416417. 13Sb65,L.

C-A-60



HNDTR-80-45-SP

,0LO L: (JOCK/TERM)

I:,ITIAL ItVEST' NT = t4 31 Ei 21 ?.

ALVA.[ VALUF U -

I:,TLPEST (',)= .

LIFET1"At (YLAkI ) 7 2,.
C47ITAL tLCOVIRY FACT)R .,L 73/
F(IIVALLNT ANNUAL CoST = 9 745J 5 .

DEPRECiATI3' , ('A CAPITAL Cs)

DOULE RETURN RECOVERED
DECLINING ETRAIGHT ON PLUS

YAALANC LINe JNRICOVFRED RETUPN

1 Z1cQ 19. 15946I,9. 7335203. I1524422.

,2, 797. 151C6c3. 66016F3. 9471979.

75 3Z67. 143'014'. 5941514. P524 61.

4 2324940. 1307612. 5347363. 772303.

5 -'2446. 1.31777'. 4P12027. 690507!.

S"' 21. 125:4c . 4331364. 6214566.

71l '-4cF2. 1 1 6 .3398228. 55931G0.

15 5e3. ?117. !. 35CF4C5. 5-j3379F.

1 372t54. 1144'.5. 3157565. 4330419.

11 1 1 1211 2 I .2557627. l3o6963Q9.

12 1V r,17. 1112 12. 13O1965. ' 13876.

15 7 9591. 111 012. 1534576. 2465:F.

I1 " S~cZ . 111 01 Z 127?814. 23;CFZ .

17 5,y,9,y 9. 1111.1 12. 11)23C51. 21350t'-.

1S -)1 c7 . 1 11r0 1 2 . 77 I 9 G C

4" 7 1cF5 . 11 12 12 . 511525. 1 2 3 3

411-I6. 111i01z. 255763. 1 o577 7

C-A-61



HNDTR-80-45-SP

O UL7 2 ( %~K/TFRM)

SALv Lt- VALUE , $
INTEEST (*/) 2.
LIFETIM~C (Y[ARS) - ;).
CAPITAL PLCOVLP'I FALTOR
F(QUIVALENT AN~NUAL COST 1 759171.

DVPPECIATION C10) CAPITAL (1)

DCLA-LE RETURN RECOVERED
DECLININL; STPA~uTIH LIN PLUS

YEAF EALANCE LIE UNRECIVFRED RETURN

131 1)(-19. 15 9 46LQ. 7o54125. 10843343.

67e9.151 6,-3. 6EF12. 9759009.

6199841 . 8 7 ?3 108 .

4 2~'4.1367blL. D57QC7. 7 04791.

S v 13?77?; 5321871. 7114318.

6 ~ 2. 2~h4~.45196 4. 6432386. -

7 ~ 4% 2 § 4Ot.'716. 5762597.

1:~~r4 11..CE.3217465u. 4r,67704.

11i.1I'4. 296-F365. 4 2 1. 93 4 .

16 c5ec32- 111L.17- 1-734414. 2446426.

19 4-5. 1 1 1 J1 533766. 1 o4 7 7 8

C-A-62



H140TR-8U-4 J-SF

3 -LC27((CK/T;EpM)

T T I AL !,VEST',- NT
SALVAo7 VALUy'

TLiFT ,ES (%)~k)

CAFITAL PtCOVERY FACTCQ =
F.'IVALE~r AN~NUAL C%.jST cO4=

L) F ' L C AT T G. (:CAPITAL (S)

I)Ou LE kETURN RFCOVERED
CzCLINING STRAIuHT ON PLUS

Y!Zp. EAL.AICL LI!NL UONRECPVEREiD PETU~i4

1 S~Q19 ~7Q73047. 111622C-:.

25'7nec7. 151C6& 7175742. 1G6~9

2~~6. '3i.. 4516.9041435.

4 3Z,494C. 1 c7 612 5 ,12 3 51 - 11372CY2.

224ct. 1.3)777Q. 5231116. 7. 23!63.

l 03202. 12554oF. 470800O5. 653912u; .

-,1~t%.11:tl:(. 4.2372C4. 5932C;--6.

1545393. 1 17 3, ~C. 3134F.4. 5 3 3 E77 .

1417254. 114.04'. 194621. 4t54c33.

L71.15161. 111l,012. 256002. 3643.

14 -:1^07. ~ 111LCO12. 1946021. '-,356C33.

1C-A1-.63



HNDTR-80-45-SP

YOULr 3 (T FASFkR)

:NITIAL !\VLSTvT S 11JE.
SALVAbC VALUL : 0.
TNTLKEST (%)
LIFL Ifvi (YLAKS)
CAP1TAL RLCOVERY FACTOP :
c 'JIVALENT ANNUAkL CQST S 474 .,

D-FRECIATION ($) CAPITAL ($)

DOt5LE RETUR N RECOVERED
DVCLI\.ING STRAIHT ON PLUS

YEAF -zALANCE LIXL LNRECOVERcD RETURN

1 5S11.9. 295 4. 295554. 8P6663.

531%. 2 . 2 6 5 9Q 9 . 797997.

47 7%. 1)-(, . 23939 9. 71197.

4 4 %l3 1b. 25,4,;1. 21459. o46377.

c 3 7 2 . 24f3Y2. 1; 913. 581740.

349c44. 2! 56 6. 174522. 5235o6.

7 3141'9. 2247 5. 1577u. 471209.

217461. 141363. 424r68.

9 257453. 212044. 127226. 331679.

11229Y. 'cI1 9 . 114504. 343511.

11 21,1 (7. 21,I7. 10 053. 309160.

12 15 496. 2  1 t.9. 9274 8 29?t55.

13 /L-7 .1 '. 82443. 2?5550.

14 15' 52. Pci,7. 72137. 75244.

15 13 527. 2 7oi7. 61E32. 267Q 3 9.

16 I74. 2 51527. 257634.

17 1 )24. 22 1 7. 41221. 2473Z8.

1 ? p 2 :r-1 :7. 3 0 91 . 2 37C-21.

r- 1 7 22 . 2 , c 1 ,- , j 2 2t0718 .

7)5C. 2':Lc-' 135. 216412.

C-A-64



HNDTR-80-45-SP

-OCLIULE 3 (TPANSFER)

INITIAL INVETmtNT (11,c?. -.
SALVAAFE VALUE = V o
INTEREST M.) 0.
LIFETIME (YEARS) = 2u.
CAPITAL PECOVLRY FACTOR =  L 71A
FwUIVALENT ANNUAL COST = S 51535b.

DEPRECIATIO0, (,) CAPITAL (5)

DOu3LE RETURN RECOVERED
DECLINING STrCAITHT ON PLUS

YEAR BALANCE LINE UNRECOVERED RETURN

! 5'91,1 C; 295554. 3546e5. 945774.

? 531'?b9. 27 99. 319199. 651197.

3 47P7qd. 2' 59,4. 287279. 766C77.

4 4 11IY16. 253401. 258551. 69LO9.

5 36726 . 24236. 232696. c20522.

6 349J44. Z6Sc€. 209426. 556470.

7 314139. 2243o5. Ib8464. 5026L3.

A02725. 2174 :l. 169635. 452361.

254453. E1Z044. 152672. 4,7125.

I29QO0. 2zt19. 137405. 366412.

11 2.6107, 2 't 0 123664. 329771.

1 ]c549. E 1 617, 111298. 317405.

1-1c6, d. Z 1U?. 9s931. 305 3,.

1'. 15%%. 2x1I7. 86565. 2 0 e672.

I 13527. 2K I 7. 74198. F03v5.

117?C4. 2 tI 7. 6132. 267939.

17 IZ9534. ~1'7. 494 6. 55573.

9 5C. 2 'IC7. 37099. 2432C6.

c 722. 2Vot7. 24733. 230E40.

e0 79c 05. 2To17. 12366. 218473.

C-A-65



M'DTR-80-45-SP

I, OVULt (TRANSFER)

1NITIAL INVESTVEN T 5,-11L)0 .
SALVA-E VALU$
INTEILST (%) =.

LIFETIMJ (YEAIS) -

CAPITAL RECOVERY FACTOR =

_I'IVALENT ANNUAL COST =79t5.

L EPRcCI TIC]: ( ) CAPITAL ($)

DCLqLE RETURN RECOVERED

DECLIiI NC STRAICt4T ON PLUS

YEAP FALANCL LIN E UNRSCOVERED PETURN

1 59113 . 41377o. 1004865.

2 53199b. 27Y9 ',. 372398. 9 r4396,

3 7 7%. 29 335159. 613957.

4 43e91 . 2 4 1. 301643. 732561•

S 3 b'P . 24L3' 2. 271478. 659305.

6 349'L44* 2726V69 244331. 593374.

"1413'9. 2 '305" 2198980 5341137.

E 2b7725. 2 174 L. 19'9C8. 45063-.

S2 5,. 4 4.5 1 04. 17S117. 43257 n .

1 Q , I t 9c.. 1613053 ,S9!1 .

11 2C651C7. 2Th1s7. 144275. 350382.

12 l 4% , . 129847. 335954.

13 Iu6'4 7. :.elu7 . 115420. 321527.

14 15r'252. 1 2 I 7 100992. 307099.

137Z27. 'oI 7. 66565. 2Q2672.

I" , 17 4. ,I,?.72137. c7v8244..

1 - 7'4. 1 1 57710 263F17.

1 c 5,? v. 1 4-,7. 32, 2 .  24 936q .

S-%L

1Iq 72 . L! . 2F855. E3496 '

2:,5c. 14427. .20534.

C-A-66

A0. .



MMT-80-45-SP

'O ,ULF 3 (TRANSFER)

INITIAL INVEST*L NT - v)911 7.
!ALVA%,F VALUL - $
INTE"LST ( ,:,) -.

LIrITIML (Yl s) .
CAPITAL RkCCVLRY FACTOR z 1l5
FuLIVALENT ANNUAL CC,ST = 602U57.

;EPFEC1ATIO . (t) CAPITAL (S)

DCJ13LE RETURN RECOVERED
DECLl1#lNb STPAIo4T ON PLUS

YEAR BALANCE LINt U!'RECOVERED PETURN

1 S~11 9. •,554. 47?887. 1063996.

5;1908. 27;999. 425598. 95759t.

473796. '659,. 3e3038. 861836.

4 431'lc. 2534 1. 344735. 77565!.

5 7 24e392. 310261. o9808.

A 349Q44o t &i. ?79235. 626279.

7 1413 . 2243cs. 251312. 5 ,5451.

2b2725. "17401. 226180. 508906.

SZ 4 453, 21"44. 2G562- 458C15•

1" L29 19i. 2Ic-. e 3206. 412214.

I 206Ie7. 0 1,°1648?59 370992.

1e2 1c5. 9 6, 2'0 o7. 148397. 354504.

1 1 ut 6 4 7. 1 IL, 7.1 19 c8. 3 36 n1

14 1.51,2529 n~ T 115420. 3215 27.

1 1 5'27. 2" 1 7 99931. 5 (138

17 16554. 27 2 061 .

,lu.C7• 49466, -55573.

I" /22. Z .T17. 32977. 439C64.

Cl 7 r. 2 1C,1 7. 164F9. 2225 5

C-A-67



HNDTR-80-45-SP

,"O&LILF 7 (rRANSFER)

INITIAL INVESTALNT = :911Th7.
SAL A[ VALUt =
INTEFEST (%)
LIFLTIME (YEARS)
CAPITAL PECOVLRY FACTOR =1uY5
EFUJIVALiNT AKNUAL CusT = 1 47)3.

"EPCECIATION ($) CAPITAL (S)

DOUF-LE RETURN RECCVERED
DECLINING STRAIH] ON PLUS

YEAF UALANCE LINE UNRECOVFxD RETURN

1 5911r9. 2554. 5319'8 . 1123107.

2 531996. 27 9y9. 478798. 1010796.

147?78. 26 9 9. 431918. 9'9716.

4 43'91. 27340I. 36?826. 818745.

-3o7 -6. 32. 349044. 736870.

6 349(44. 23 6L6. 314139. 63183.

7 5141Z9. 224 3c 5. 282725. 5%8t5.

2o?725. 2174 L1. 254453. 537178.

9 Z 4453. 21044. 2290Vo. 4341.

2061C7. 435114.

11 10 7cI.7. 165496. 391603.

12 lc549o. 2 c.l7. 166947. 373053.

13 t69-7L. 2 17. 148397. 354504.

14 15(c52. 21 (107. 12QE47, .335954.

is 13,27. 2 61".7. 11129t. 317405.

16 121714. E2c17. 92748. 298855.

17 10 4 534. 2 >A7. 74198. 2E0305.

I. 55649. 251756.

Q t?722. 21' J7. 37099. i43206.

2A 7Mc50. 23cI1l7. IR550. 224656.

C-A-68



,,O L' r (IRANSFER)

1 ;%IT I AL I NVt TLN T 1 7 1 0 ?

';ALvar VALU $
INTURLST (%.) - Ii.,

LIFETImE (YAS)
CAPITAL RECUVLRY FACTOR = .11746
E4UIVALENT ANNUAL COST = S 94614.

"'cFPECATI101 H) CAPITAL ($)

DCJPLE RETURN RECOVERED
DECLINING STRAIGHT ON PLUS

YEAR BALA14CL LINE UNkECOVERFD RLTURN

1 5S11'9. 29205.4. 591109. 1182217.

2 531',9t. 27Y919. 531998. 1L63996.

47.79. a659y;. 47F798. 957596.

4 43Yi1b. 254 I. 431918. do 1336.

24-3vZ. 367826. 775653.

34u44. 2346. 349044.

7 31411. 2243,5. 314139, 62 27 0

Z¢272. 21?4t1. 282725. :65451.

S54453. 21c-44. 254453. 5 0 Q36.

12E9u%. 2>dlt9. 229008. 458015.

11 ZC61 7, (,Ib7. 206107. 412214.

12 It5'96. 20%lj7. 16549b. 391603.

13 1c6947. 2 c1 7. 164SP5. 370992.

14 15 .. 2TIl7. 144275. 350362.

1Z 1 27. 2 1 7, 123664, 329771.

1 e 1?(34 2 0 t1 7 . 103053. 3 -'9 1 bn.

17 19 34, 21)I37. 82443. 286550.

1 S. 2"Cl1I7. 61832. 267939.

42 .7. 41221. 2473ZE.

79bSC° 2bI57. 20611. 226718.

C-A-69



HNDTR-80-45-SP

1.ObLF , (TFANSFER)

INITIAL INVESTMLNT :11,7.
SAL AGE VALUF = S
INTEREST (.) 11.
rIFLTINIE (YEAkf) -

.APITAL DECOEPY FACTOR .I55E
ECUIVALENT ANNUAL COST = I 742eb8.

ocP9ECIATION (1) CAPITAL (S)

DOUPLE RETURN RECCVERED
DECLINING STRArICHT ON PLJS

YEAR BALANCE LINE uNRECOVFRPD RETURN

1 591109. 2?55 4. 65022C. 1241328.

2 531908. 27,999. 5 8 519t. 1117195.

- 47479t. 2 39 5. 526678. 1U05476.

4 4.3'91,v. 2534cI. 474010. 90492?.

_7 7 2o. 24,3Y2. 4266C9. b1I4,35.

6 349 ,44. 2 7( 6 6. 363948. 732992.

7 !141-<9. 2243Q5. 245553. t5 693.

A 262125. 21741.- 311993. 593723.

9 25,4453. 21, J 4 4. ?79898. 534351.

10 2 2 .e,. 21 . 251906. 4 0916.

11 2v61'7. 2% 1 . 62718. 4328 24.

12 18549b• 2'TIhL7. 2,4046. 410153.

13 10 'Y47. 2 1,7. 1?1374. 387461.

14 15"232. 2 't lv7. 1 7O2. 364S09.

15 135'27. 2%117. 1360!1. 342137.

16 121 7!'4. I 1,7. 11 3 !5 9. 3 19 4 t.

17 119,034. 27. 91687. 29t794.

S5 9 5 u. 2 )cl 17. o0 15 . 274122.

19 7i-2. 2251 7 4534 4. Z51450.

2' 7)c50. 2 olv7. 22672. 2e 779.

C-A-70



HNDTR-80-45-SP

'.OULE (TRANSFEP)

INITIAL I'iV.TMENT $

ALVAGL VALU =.

INTEREST ( )

LIFETI M E (YEARS)
CAPITAL RLCOVLPY FACTOR = .33&
E 4UIVALENT ANNUAL CCST = S 79136y.

oEPPECINTION (s) CAPITAL (S)

DOUBLF RETURN RECOVERED
DECLINING STRAIHT ON PLUS

YEAR BALANCE LINE UNRECOVERED RETURN

1 j91109. .295554. 709330. 1300439.

2 531 99. 97 9;9. 63397. 1170?95.

e,9 . 574558. 1053356.

L 4 691 . 2 3401. 517102. 94 30.

5 7620° 24L3y2. 465392. 55 3 21 .

A 349044. "3696. 418853. 76789A.

514139. 224 3 c5. 376967. e9117.

SLo2725. 174,1. 330271. 62199t.

-.,54453. 212044. 305344. 55979t.

I '  8 ~n . 1) I ; 274809. 5 )3 E17.

11 25l'7. 2 oI?o 247328. .53435.

12 165496. Z')le ;7. 222595. 42732.

17 166Y47. 2 )61v7. 197863. 40396q.

14 1 'Z52. r'G1 7* 173133. 379237.

15 1,5 27. 2%1,7. 14?8Q7. 354564.

1 121704. 2,^tI 7, 1 3664. .:9771.

17 1 Q534. -;%l C7. 98931. 3 5038.

494t6s 255!73.

70t52. It 1 v. 24733. 230840.

C-A-71



HNDTR-80-45-SP

Y0O ULE 3 (T ANSFER)

INITIAL INVEST M LNT $ 5911u'7.
SALVAuE VALUE S.

INTER EST (%) 1 .
LIFFTI'F (YEAkS) -

CAPITAL RECOVERY FACTOR =.1435
EQUIVALENT ANNUAL COST = 1 '1466.

DFPPECIATION ($) CAPITAL (S)

DOURLC RETURN RECOVERED
DECLIrN.ING STRAIuHT ON PLUS

YEAR LIALANCE LINL UNRECOVfRED RLTUPN

1 11O9. 2'?55. 768441. 135955f5.

2 531v9b. 2799y9. 691597. 1223595.

47 7P? . 2659Y . 622437. 11"11235.

4 431c1d. 2 4 --1. 561194-. 991112.

5 37626. 24L3Y2. 504174. oQ2001.

6 34QV44. 23569b. 453757. 602801.

7 314139. 224!05. 4)83E1. 722521.

2t725. 2 174cl. 367543, 650269.

L54453. 21co0 . 330789. 535242.

10 22900 2'c 297710. 526718.

11 22t7. 2.I'7. 2±7939. 474046.

12 lc 5 496. 2>17. 241145. 447252.

13 Ib±6l47. 2Jc1.17. 214351. 42045F.

14 15A252. 2'c1 7. 187557. 393664.

15 135427. 2 61L,7. 160763. 3e6870.

16 I 17)4. 2 6147. 13396;. 340076.

17 109534. i 107176. 313282.

1 Z c1 7. 6,9382. 256489 .

1z 8 72Z. 2 c17 , 5t58 . 259695.

2) 7oc5C. 2'cv7. 26794. 2!2961.

C-A-72



HNDTR-80-45-SP

,OOULE s (TRANSFER)

T.ITIAL INVESTPONT = 1 911k7.
SALVALE VALb,. = T

INTEWEST (%) 14.
LIFETIME (YEAkS) -

CAPITAL PECOV RY FACTOR = .I5C9
E(-UJIVALENT ANNUAL COST = S 924.91.

PF(ECIATIO ( ) CAPITAL ($)

DzLrFLE RETURN RECOVERED
DECLINING STRAI',T ON PLUS

YEAR eALANCL LINE UNRFCOVFRED RLTUPN

I :;IC. 4 b27552. 1418661.

2 561996. 7 9'c. 744797. 1276795.

47 796. '65 9 . 67' 317. 1149115.

L 4 91. E4cI. 6032E0. 1C34204.

5 3t7b2o. 2.392. 542957. 307E3.

i349Q44. 27E6Y6. 46661. 77C5.

314139. 2243o5. 439795. 7539,35.

",2725. 21 7 471. 395816. t 541

45-453. 214. 3 523 . o106t7.

IrI 2E;0 , Io .  
72A61 1. 54961Z .

11 .6107. 2^0I 7. 23855C. 4946:6.

,12 l5496. 1 L,7. 259695. 4 5 52.

1I 147. 1 TI17. 230340. 43t947.

14 I-S . ' I 7 019F5- 4'18C92.

S5 1 K 27. 2 )cI,. 17 11u. 37 9 277.

i 121704. 1I 7 144275. ,5 ] 2

1' I)' 37. olj7. 115420. U15 '.

2 1 7 2%1I7. 865e5 . L'22672.

Jr- ;e7220 2 ',iu7. 57710. 35 .

79 53. Oto 1U7. 28r55. L34,62.

C-A-73



HNDTR-80-45-SP

;C, LL[ 3 (TRANSFER)

INITIAL IIVEST MLNT =911 7?
SALVALr VALUL =
INTEqEST (%) 15.
1.IFFTI.L (YEA1.F) 20
CAPITAL PECOVj. Y FALTOR = .11976
t(1bIVALENT ANNUAL COST = T 94436.

D --P.C TIOA (T ) CAPITAL (S)

DOUPLE RETURN RECOVERED

DECLININC STRAILH1 ON PLUS

YEAP EALAhC6 LINE UNRECOVFRED RETURN

1 519 2v5;4. 36663. 1477772.

531 I9&. 27,9'; 9. 7979Q7. 1329 95.

47?796. Z6599. 718197. 1196995.

4 43,L I b, 254c 1, 646377. 1077296.

S3 7?6. L3 S2. 561740. 1,695o6.

6 34')044. 23266. 523566. 3726U9.

314119. 2'.3,,5. 471209. 7E5349.

2' 2725. 2174o1. 424088. 706F14.

o L '-443. 21,-f.4. !61679. o36132.

r2I-9. 343511. 572519.

11 $ 51 7. "'k7. 3316C. 515267.

12 154 6. 2 j, lI7. 27S244. 4i415 1 .

1' 1 66,47. 261,7. 247328 . 453435.

14 1 5r% • 27ci '7. 216412. 422519.

15 135 27. 2^t,17, 165490, 3Q1603.p1
16 1L1704. 2 a1 7. 15450,. 360-67.

17 I '?4• 2> 1,7. 123664. 329771.

I.2I,7. 92748. 296 55.
p -

1 72. 2.;1 7. 6132. 267Q3o.

S7c5. 2'cI ,7 . 31916. 237123.
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1-,OL L LF (TqA SFER)

I.',1TIAL IN ViSTVLNT = 1 v 7

SALVAgE VALUL - u.
!%TtE EST ( ):I .

LIFE 7lt (YEA'S) =

CAPITAL TLCCoLRY FACTOP .c~L7

UGDIVALENT AN.UAL COST =

DFrtcIATIV, C.) CAPITAL (S)

D3 jLE RETURN KFCOVERE0
DECLININ;G STvAIoHT ON PLUS

YLtr ALANC LI uNkEOVERED ETURN

5911r9. 2' 53L. 945774. 153tB63.

5 1996. 27,999. 51197. 1383194.

S4?E7?c. 2659,?. 766077. 1244'75.

4 4 3',Il1. L 4A1. 689469. 112036?.

2 7 c26. 24,392. 620522. 1O834C.

3L 6y . 55F4".7

1351&4 7. 15C2623. o 167t2

" -15. 174cl. 452361 . 73 )86.

f l44 3 . 2 1... 407125. c6157F9.

I" 2 17i4. 2 IC• 164812. 37361.

1n 7. 1 7972771 1. 5 87 S.

1 2 1 5 496 . CI 7 • 26794. 52901

139 7. 2lcI 7. 263817. 469924.

I&1 2% 7. 23184G. 436947.

Ir 135Z.2 7•. 2 1 1V'? . 19'?8 6 • "'0 . 13 9 r,',

Il I1714. 2 t7• 16488t. 370 2.

1 I, 5 .3 4I 7 .13 190 Ob.-6015

l', 7 . 2 c,1 7 . 5 9 . 4:72 01.

- 7?¢ 1" 2 I 7. 3 297 7. 1 90-4.
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OLULF 3 (TRANSFEF)

IITIAL INVESTME t T = 'I .'110? 7.

'ALVA;F VALUE$ U.

INTEPEST (%) 17.

LIFETIME (Y AINS) = 20.

CAPITAL RECOVerY FALTOP .17769

FQuIVALENT ANNUAL COST = 1 CO ,343.

DV PfCIATICN (%,) CAPITAL (S)

DGUHL E R STURN RECOVERED

D CLIKINL STRAILHI ON PLUS
.ALANCE L ." UNRECOVERFD RETURN

1 11109. 2 5, 4. 10048 5. 1595993.

2 519.. 9 .904396. 1436294.

47 796. 2t '4 q. -13957. 1292755.

4 43 I t. 2 .:4L I. 7325 t1• 11 3 71.

5 3 7 2 . 24 3 2 . 659305. 1G47131 •

6 34L. O4. 2Uc 6. 59 374. 942418.

7 24, 2• 537. 5 34077. 646176.

21'4,I. 4b0633. 763359.

9 ,44%3. 2 O,4. 4 21570. 67023.

1L',L. 2% . 3'93 13. 616321.

1C 2^oC 7. 2 c1 7. 3513-2. 5E6489.

1 5 Q 2 c ,7 . 31153 44. 5 21145 0.

1? 16 '47. 2I,7. 2E!3,5. 4E6412.

14 1,%L52. 2"t17. 245267. 451374.

15 135 L2 . 2 c .77.2 1 229. 416336.

1 1 1 7 4 2 1-I 7 . 1 7 9 1 . 12 y 8 .

1"I ; . 2 14,, . '. 153. 34 o2 6 .

1 '-"u. 2 z'I '. 1051115. 311'21 .

1 9 c7 2 -L 0:I 2 7 r 07,). 276133.

G7oV51 . 2' . . 35 30 . 41145.
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i0,WUL7 1 (TzAl'SFEP)

:O.ITIAL INiTI T - i 11-
%ALV 4u VkLU. "
I., T tF, L I (" * )

L I I i- II ,t (Y , ki'u

CAPI At ft, t FA T J o
w L'IVALi Ol ANN 'AL CO' I 11043vi.

bJ!PRECIATION (i) CAPITAL ($)

DOUPLE RETURN RECOVERED
DECLININ'G ST AI tHT ON PLUS

YEAR bALANCE L\' 0-,kECCVERFD R-TUR,.

9 5110). 29,5 4. 1 J67990. 1 c551 t4 .

?',9,. 57596. 14.89594.

+ 7S7E.~Q. 51S e. 134C635.

4 7 ?79631 1c) 5 71.

4 69PO6c. 1 F 5 1 4 .

-) S4. 279.77 Z7

21 5. . 56F451.

2?7/25 . Ll 74c1 . 5.Z89C 6. 7?1631.

254453. 1:.A,4. 45F015. 7124o .

1Z Z2?u &" lc 412214. t,4t2i1

11 '20-1r7. 2%: 1u7. 370992. 577099.

1 Z LOb.1 7, '7338c3. 5 4 G -1.

1,4I Z )l ! 259695. 465(")2.

I135 L27. Z ?7. 222595. 4?8767.

1( 1 I C4 . 1 't U " .  1o5496. z';1607 .

17 I&'34. 3oi 7 148397. 6545 C;4.

"-~~ - Q ; 5 r .  ] 1 111 2-o6. 317 4( .

S.U7 . 741Q8. 0., L

'7 ?'}c.5~. :,• 7. 37099. 1 L43206.
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CL;L -  7 (TRANSFER)

!-h!TIAL IN V E I ML NT 11 v6 ,1U 7

.AL ALt VALJ = U.
TNTLPPl-S (t,.) "- I .

LitA T r','if (YiL kh") -".1.
CAPITAL PLLuVI.'r FALTOR =y6v5
utIVALNT ANNUAL (uST oS 11 o41.

D FR[CI1TIC ( ) CAPITAL (S)

D(14ULE RETURN RECOVERED
D FC L I NG STRA I H I PLUS

YEAR L ALAINCE LIN-- LNkECOVrRFD RETURN

I 5911C9. 2 ;554. 1127107. 1714215.

2 53199 . 2 "' ,9,,9. 11 O796. 1542794.

4 7 1 7 9 . 2 1 9 Y' . ,'7 16 . 13 5 14 .

C ' , 2 7. : ' 2. 7 6 7U. 1124697.

6 3 C 44. 2 , 6. 0 31F3. 10122t7. '7

7 3141"9. 2?3"5. 5 96863. 911004.

{l 2 ,,2 72 5 . 2 1 o .537 17 6 . 6 199 04 .

25443. 21 C44. 4 ,3461. 737913.

2 1cS. 435115. 664122.

ii 2Om107. 2 )13'y 7.1633. 597710.

11 1-5496. 2 )I .7. 352443. 55855C.

13 1 r-5 7 . 2 o '1 1 . 31 r2.:2 . 519!69.

14 15125c. 2 .. ?74122. 4c,022Q.

15 135;.27. L2 c 1 u?. 2S A9 2. 441 f69.

1 6 1 ^194. 2 t, 1 1. 7 . 1 )3 E Z 0 2 ., 4 ' 19 0 8.,

17 1,7. 15641. 362748.

19 -- S722 2 " 1 . 73321 2 r'2,.427 .

29 7) c . 2 1 7. 3P16 . 24'$2t7.
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k L (IQANSFER)

SALVau VALU. : ,
I;iTEPEST (';)--- ,

LIFETI"; (YEA S ,
CAPITAL PECUvLRY FALTUP =.256
EQUIVALENT ANNUAL CCST = 12 1 .o.

SPLCIAT!.N (-:) CAPITAL ($)

D rU!Lr k TURN kFCOVERED
C .C L I N INC TPO I ,H f 0N PLUS

I- A I. L A,. C E L I .." U , ECOVf RED P ;TU-N

1 r (.1 l(9. U 2 4. 112217. 177726.

23199c. ',9 . 1 .63996. 1595993.

47'79o. 2 99;. 957596. 1436394.

4 1 2 3 4c1. 861836. 12927S5.

3 ?c26. "- , 775653. 1163470 ,

.1) C44. L31 698088. 1047131.

71413". 224 5. 628279. 942418.

z 772 2174, . 56F451. 64b176.

.. .53 . I- f)14. 5C 906. 76315 ._

11 76(7 Z, I . 412214. o,1 t3 21 .

1 IL46. 2 1.7. 371992. 577C99.
I { 7 2 ,I7 21:771. 5 35 F7,R.

14 !.))L52. 2 AR556. 494656.

1 135"27. 2> 1 7. 247 32b. 45.34. 5.-

I' ,1 7"4. 1 o ,7 . 2 61r7 .412214.

1' I -53 , • . 7 . 16 4 .6 6. .739 ; 2.

- 1- u , t i; . 1236#'.. 329771 -

12Z. 1 7.. 255'd.

7% %*I 2,lu?. 41221 . '473 2
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,'OLLLE (TRANSFER)

INITIAL INVESTYLNT 1 11w 7.
SALVA t VALU- - 3.
ITE.EST (%) 21.
LIFETIvL[ (Yi AK. ' ) : v

CAPITAL PECOVLRY FtCTJ!r .='1474
E(WUIVAL.NT AwNNUkL Ci.ST = 1 c')3.

=Fq[CIATICt, (1) CAPITAL (S)

DOUL F kETUR' NECOVERED
1ECLII. IN( ,TiAT.Hr ON PLLS

Y[IM. bALANCE LI: L 'rEFCOVFkFD RETURN

I >11I. 2;55,4L. 1241326. 1832437.

2 531Cc, . 9. 1117195. 1649191.

47379 , 210. 13&5476. 1484274.

4 43 n1s I, 5 . 0 ( 4926. 1335847.

S77c2. 2423 14435, 1232262.

6 34T 44. 2326,16. 732992. 1082036. - -

7 314139. 2)43o5. 659693. 973832.

217'. 1. 937234 876449.
-4.3. 7S884351, 7S84.

ll" 2.1c , 4c0916. 729924.

11 2..'C7. 2'".1u7. 432824. 638931.

12 1 5,,q6 2 '61,7. 389542. 593649.

17 106Y47. 2'olI7. 34.6260. 552366.

14 150(.52, 2-61,7. !. 2977. 5"9084.

1 1327 . 2 ,7. 259695. 4 45 F 2.

11 12174 ., 2'cl7. 216412, 422519.

17 I1r 34. 2'CM.7. 1771309 379237.

1; 2"ciL7. 1998 47. 335954.

19 6722. 2%,I7, 565. e)2e72.

2.1 i't: 50C. 2",' 1 ; 7. 432 i2 . 249369.
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i,,OCiULE 3 (TRANSFER)

I;.ITIAL INVE.TIENT s ?i11 J,7,
SALVA - VkLUL j.

!NTEDEST (M)L
IrETI, (Y.AKS) 2 .

CAOITAL %'tCOVLRY FACTOP = L

FQUIVALENT Ar,NUAL COST = 1 1777

-FicC A TIO. (1 ) CAPITAL ($)

DOGuLE RETURN NECGvERED

DECLININC eTRAIjHI ON PLUS

Y. L, ALA.ICj L I.LiNECOVFRFD RETUPN

1 5 11'). 2 4 100439. 1891549.

S17,i 279'y . 117n3;5. 17)239 3 .

47 7 o. 26-9 qo 1%053356. 1532154.

4 '. 30I . .%4 1. 943020. 137931.

5 2423-i2. d53216. 1241045.

3 49 4. 2' 6v6. 767896. 111940.

3141?c9. 2243,;5. 691107. 1.052460

" 2 ?7Z5. 217 4c1• 6219Q6. 9 472 .

.21 .44. 559796. 614249o.

U~L'T. 2?lc50181a7. 772P24.

11 2v'1 77• 2)c.Ij7. 453435. 65542.

16 5 l4Sct. :"1 7. 408392. 6 1419 .

13 1|L947. .. clvio 36?74 . 5t6655•

1' 15 ?25C. 1 7I . 3 17 4C 5 . 5235 11.

1 35 .27 . 1 7 . 272061 . 4761c 8

I I,17"4 . 2 1 I 7 . ? 2 67 16. 04 !2 F,4 .

17 1 1:,34. 2Th1u7. 181374. 3F74c1.

1 5 P 136 .1 3421-7.

1 : 722. 2 ; ,, ?. -7 906?7 o 2 (67( 4

2 79c 51. 7e 7. 45344. 2 1450.
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I(LULc. (TPAI SFER)

INITIAL ItkESTm Ef.T -,11O-1.
'ALVAuF VALUE T C.
INTERLST (t) 23.
LIFETIME (YEAhS) = 20.
CAPITAL RECOVERY FACTOP .23372

EGUIVALENT ANNUAL COST = 4 I 2134 ,

iFPRECIATION (i) CAPITAL ($)

DLUbLE RETURN HECO ERED
DECLTiiING STRAI.HI ON PLUS

VEAR bALANCE LI UNRIECOVrRED RETURN

1 51109,2 ,135Q55(. 19565,-q.

2 5;I"%. 2' 9, 1223595. 1755593.

S47
p 79b. 2659Y9. 111235• 1530034.

4 4. ' 1o. 2 .4,1. 991112. 1422C30.

5 3.'12o, 2 4 23Y2. 892001. 1279F27.

6 349(44, 23L6 7. 8U.2801. 1151944.

7 3141!9". 2>.3 . 722521. 1036660.

Zc?725. 2174,1. 650269. 9!2994.

9 2544S3. 21c .,.4. 515242. 839695. 2

z 2.c 2&'. .2671 755725.

11 2 7, ... 1474046. 60 53.

12 1. 2Sl479 46641, 632748.

17I. 47, 2? 1-  . 37Q237. 5S5744.

14 , ci7, 331332. 537939.

1 15F227. 2'L.1j7. 234427. 490534.

1 1 17r4, 2 I 7. 237023. 443130.

17 1 -j 4. 2 A1;7. 139618. .QS725,

1 , 2 )o1 142214, 343321.

es7 ? II1 7 943G9. 30916.

2n 79ccS. 2^01V7. 474n5. 253511.
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XLULi (TPANS FEP)

SAL ALO VALUL -

TNTEkEST 4*

E TL It1 (YL Af,!)
CArnIAL PLCOV19~Y FAi.Y:R
rEPIIVALE NI ANNUAL CLUSI 1 14 3 1 1

DPPRECIATION (1i) CAP;TAL (1)

DCu LE RETURN RFCOVERE)

DECLINING STRAlLA4T ON PLUS

YEAR bALAiNCE LI',L w ,kEC0VERED FREUgN

1 v11'll9. 29C-,,1418661. 7-009770.

2 31 t 27,09yl. 1276795. fo,08793.

4v72S.- ' 6Dq1. 1141. lc27.

2545.l,49L14- 1?4612.

Lc6i7 Q"l. 395725 3. CE2

1~52. C.~1A' :37705. 11 S6.

127 C1 ?95. 1,48074.-

7 2 . . 1- 74 1-6 84 1 -Y 1 26 D 'J.

Z 44?S3 21 4. 610687.6514 .

2KSZ T1 L 7 . 49466. L 073.

1~~~~-- 53r 7 419 51
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0 Li L (T PA ,S FE P

I!.11%I I AL I N tS T *' 0 T = + ) 1 0 7

SALVALGr VALUL -t

INTEREST (.) = I

LICETIN (YEAS) =
CAPITAL PECOVtRY FACTOR =
EUIJIVALENT ANNUAL COST = 1 459.

D;:PR ClATION (i) CAPITAL (S)

UOULE kETURN, kECOVERED

DECLINING STRAITHT ON PLUS

YEAR oALANCE LI*J. U'RECOVERED RETURN

1 Zv'1'~9 ~1477772. 2J6S3n).

531Y 0 L. 2'9,90 132Q995. 1661992.

7 7Q . 56g9e. 1195995. 1675793.

4 -* 1 107729c. 15 ia214.

5 3c'c26• 24,3' & 959566. 1357392.

34;jL4. 872609. 1221653.

" Z141P. 22. 3z.5• 765349. 109946S.

2725. L174 1. 705814. 989539.

e5445!S.4. 6!6132. 6905t5-

1 2 • 2 o1 9 572519. b r1527 .

11 v 1 ?. ''. I 7•51 2t7. 721774.-

I I 49 6 • .1 7 4 3 7 4 v• c6 9 84 ? .

1 t,947 . 1° I 7 . 412 214 . 18321 .

14 15%52. 2'e.1 7. 160687. 566794.

13%7. 2 "I'7 3J0169. 5152 t 7.

l7 1 ! ? 4. 7 oI 7 2 5 6 74 . 4 o 3 7 4 'J.

17 1 34. L 1 7 . 2)61C7. 12214.

I7 9 . + . 1545 E 0. 3606 .?

72e 2 cl 1,7. 1 7130 3. 391tQ.

2?7.1- 515A7. -76-.
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COMPUTER CODE DATA INPUT DESCRIPTION

The computer code contained in Appendix B contains sufficient ca-

pability to provide a range of output values from which economic decisions

may evolve. The inputs required are contained on one card per module.

The data is arranged on each card as follows:

Col. 1 - 10 initial investment value

Col. 14 - 15 lifetime value

Col. 18 - 37 module identification

The computer code as presently structured will provide output

values associated with interest rates of 8 to 25% in integer increments.

10Furthermore, any choice of initial investment values less than 10 may

be utilized. Integer values of lifetime less than 100 are acceptable.

Salvage value is currently established at zero, with considerable com-

puter code modification required for acceptance of other salvage values.

The number of modules which may be considered is not limited. All in-

put data must be right justified in their respective data fields.

C-B-i
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COMPUTER CODE PORTABILITY

The economic trade-off analysis program has been implemented in a

higher level language called FORTRAN which is available on a majority of

today's modern digital computers. The language features used comply with

the American National Standards Institute (ANSI) FORTRAN Standard X3.9-

1966 and X3.9 - 1977. This approach was used to ensure portability of

the code between different manufacturers' computers and FORTRAN compilers.

For example, the program will run unchanged, except for the job control

cards on the CDC 6600.

C-B-2
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1. SUtROUTINr DEPR:IL (DLP,L,VEST,N,J,TYPF,('DB,STRLN,Y,RETuRL)
7 F (j.6,T.1) GO Tv~,

71 LOuK F NVFST
4. SThUOG ENvST

0 o IF (TYPF-.Eu~.3) G(, TO 6
A, $T;LN =S103K/(FLUAl(N)-FLOAT(J).1)

T* C *k* UPLE DECLINING BALANCE**
0 2/FLOAT(Nj)

1~. RETURC =S"1OOK*X
11. IF (TYPE.F'4 .31) GG TC

12. IF (STRLN.GT.'DD,?) 6C rOt
1. DEP a
14. o =O EROOK-DDE-
15. SECQOK BOOK

1 t) ~ R ET U R N
17. 65 DrP = STRLN

1.SBOOK SBOCk - E
COOK = eOOK-DD3

r, .TYPF =

21 . RETURN~
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1. DIMENSION IA(5)
2. INTrE TYPE

4. LNVEST =INVEST
5. LO 60 i=5,25
6. TYEz2
7. x FLOAT(I)/10.3

*AP (X*(1+X)** A:)i((l+X)** N-i)
ANCOST = EIV--ST*Ar

ii. *PITE (6,14)
12. DO 5C J = 10N
17. IF(TYPL 9GT. O)CALL DEPREC(DEP,ENVEST,N,J,TYPE,DDB,STRL,'J,X,PETuRC)
14. CAPRR = RETURC + DEP

is. *PTE6,5 J ,DbL,STkLN,KETURC CAPRR

17. 60 CONTINUE
13. UO TO 1-1
19. 80 STOP
23. C
21 . 12 FOR-AT(I10,2X,17,2A,5A4)
2'. 14 FOidMAT(1GX,T24,'DEPRCIATIGN (S),T 55,'CAPITAL (W),

11.A /I,1OX,T?2, 'DOUELE' ,T5- , 'ETURN' ,T66, 'RECOVERED',
24. 13/,lOxT21, 'DECLINIrG',T35, 'STRAIGHIT,T54, 'ON',Tt% 'PLUS',
25. C /,1Gx,Tll, 'YEAR',T22,'-ALANCE',T3','LINE',T5O, 'UNRECO)VERED',
26. D T67,'RITURN',/)--

2 . is FORWAT'1H'1,T40,5A4,//I,1ZA,'INITIAL !NVESTMENT',T35,'= S ',Ilu,1*.1,
6m. A /(X,'SALVA6,E VALUE',T35,'= $ 1,T48,'0.1,

31. C /,loJx, 'LIFETIME (YEARS)',T 7 5,'=',T47,I2, '.',

32. D /1 X , 'C'API TTAL RECOvERY FACTOR',T35,'= ',F13~.5,

t / IJX, 'E-!IVALEt4T ANNUAL COST',T35#1' S ',F11.O,III)
34.END

C-B-4
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